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FOREWORD 


This  is  Techuicnl  Note  3  issued  on  Conlrnct  AK  30(602) -2392, 
conducted  by  the  Electromagnetics  Laboratory  of  Stanford  Rcscnich 
Institute  and  sponsored  hy  the  Home  Air  Development  Center.  The 
program  started  on  29  November  1960.  Mr.  Robert  Powers  serves  nc 
the  technical  monitor  on  this  contract. 

Tiic  nutlinr  wishes  to  acknowledge  the  contributions  of 
M.  I).  Domenico,  who  carried  out  the  measurements;  |\  II,  Omlor 
and  SiUanne  I).  Philp,  who  compiled  the  computer  program;  and 
I).  A.  Hnrrett  who  helped  with  the  chnrt  calculations. 


AnSTIUCT 


Hranch-guide  directional  couplers  c»n  be  built  in  most  types  of 
transmission  line.  A  design  procedure  is  here  developed  which  gives 
predictable  and  superior  performnneu  over  a  specified  frequency  band. 

A  new  chart  was  constructed  from  which  the  coupler  impedances  or  ad¬ 
mittances  can  be  calculated  quickly  and  with  sufficient  accuracy  for 
nearly  all  practical  applications.  Numerical  tables  are  also  presented 
from  which  most  practical  cases  can  be  worked  out  by  interpolation. 

A  five-branch,  6-dh  coupler  and  a  thirteen-branch,  0-db  coupler 
were  constructed  in  waveguide.  The  measured  points  and  computed  curve,.* 
were  in  excellent  agreement.  Over  the  frequency  band  of  1300  ±1 30  mega¬ 
cycles,  the  0-db  coupler  had  a  VSWll  of  less  than  1.07,  its  insertion 
loss  wns  better  than  0.05  db,  and  the  couplings  into  the  two  remaining 
arms  were  weaker  than  20  db.  This  coupler  can  pass  st  least  5  megawatts 
of  peak  power  in  air  at  atmospheric  pressure. 

A  0-db  coupler  can  be  used  to  separate  the  fundamental  frequency 
power  gonerolcd  by  o  high -power  transmitter  from  its  harmonic  frequencies, 
which  couple  only  weakly  through  the  branches.  Most  of  the  harmonic 
power  goes  into  the  loud  placed  in  line  with  the  input.  Chokes  were 
cut  into  the  branch  arms  to  reduce  the  cross-coupling  in  the  second  har¬ 
monic  frequency  band. 
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I  INTRODUCTION 


The  principal  objective  of  thic  work  **4  to  develop  •  high-power, 
0-db,  direction*!  coupler  in  waveguide.  Thin  directional  coupler  waa 
further  required  to  have  a  configuration  that  would  allow  moat  apurioua 
frequenciea  to  paaa  into  one  or  another  of  the  two  dummy  load*. 

Directional  coupler*  at  UHF  and  microwave  frequenciea  take  many 
form*  and  have  many  application*.  The  branch-guide  directional  coupler 
which  i*  the  one  inveatigated  here,  i*  auitable  for  conatruction  in 
almoat  any  kind  of  transmission  line.  In  waveguide,  it*  mechanical  con 
figuration  and  ita  electrical  performance  are  aimilar  to  thoae  of 
lliblei  ahort-aloi:  coupler*,  or  of  multihole  coupler*;  in  coaxial  linn 
or  atrip-line  (where  only  TKM  mode*  exiat),  the  coupler  doea  not  have 
any  auch  clone  counterpart*.  Branch-guide  coupler*  have  the  following 
uneful  combination  of  properties: 

H)  The  coupling  between  the  two  line*  ia  through  joining 

branch- line*  of  finite  length,  and  not  through  aperture*. 

This  give*  additional  flexibility  in  deaign;  e.g., 
special -purpose  choke*  or  filter*  can  be  placed  in  the 
branche*. 

(2)  A  branch-guide  coupler  can  be  deaigned  either  a*  a 
periodic  atructure,  or  a*  a  hand-paaa  filter;  a*  a  band¬ 
pass  filter,  its  electrical  bohavior  can  be  optimised 
over  the  pass  band. 

(3)  The  number  of  branche*  can  be  increased  systematically 
to  improve  tl'c  electrical  performance. 

(4)  The  coupler  is  better  suited  for  strong  coupling  (stronger 
than  20  dh)  than  weak  coupling;  0-db  coupler*  are  feasible 
over  large  bandwidths. 

(5)  In  waveguide,  the  coupler  A'-plane  cross-section  ia  con¬ 
stant,  It  can  therefore  be  milled  in  two  blocks  and 
assembled  by  the  "  spl it-block"  construction.  Other  com¬ 
ponents  can  also  be  milled  into  the  same  block. 

(6)  The  coupler  fits  into  a  rectangle;  the  four  output  lines 
are  parallel  (Fig.  1), 

(7)  Branch-guide  couplers  are  capable  of  handling  high  HF 
powers. 


) 


(8)  They  compare  favor¬ 
ably  with  moat 
coupler*  a*  regard* 
VSWH,  directivity, 
and  constant  cou¬ 
pling  over  lerge 
bandwidth*. 

In  thi*  report  a  deaign 
procedure  i*  worked  out,  baaed 
on  the  quarter-wave  trans¬ 
former  a*  a  prototype  circuit, 
which  come*  close  to  being  a 
true,  synthesis  procedure:  it 
enables  che  designer  to  work 
out  the  physics!  dimensions  of 
hia  coupler  to  meet  his  per¬ 
formance  specification  with 
little  or  no  subsequent  need 
for  experimental  adjustment. 
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NO.  I  BRANCH-GUIDE  COUPLER  CROSS-SECTIONS 

(•)  n  •  add,  (b)  n  '•  evan 


A  short  review  of  the  literature  on  branch-guide  couplers  will  in¬ 
dicate  the  stale  of  the  ait.  The  idea  of  the  even  and  odd  mode  analysis 
of  coupler*  having  this  kind  of  symmetry  (between  upper  and  lower  halves 
in  Pig.  1)  goes  back  at  least  as  far  as  a  war-time  report  by  Lippman.1* 
This  method  of  analysis  has  also  been  explained  in  several  more  recent 
publ  icationa,  *■*  and  i*  indicated  in  Appendix  II  (Fig.  II-':).  The  super¬ 
position  of  the  even  and  odd  Modes,  each  of  which  can  be  solved  separately 
as  a  loaded- transmission- line  (or  twg-port)  problem,  then  represent*  the 
actual  directional  coupler  (or  four-port)  situation  with  the  generator 
connected  to  only  a  single  input.  The  paper  by  Heed  and  Wheeler*  compares 
the  performance  of  branch. guide  coupler*  with  that  of  hybrid  ring*.  A 
later  paper  by  Heed*  give*  general  formulas  and  the  results  of  many  cal¬ 
culations  on  numerous  branch-guide  couplers,  particularly  with  0-db 
coupling.  These  two  paper*  consider  only  periodic  couplers  with  uniform 
main-line,  that  is  to  say,  the  branch  impedances  are  all  the  same  except 
possibly  for  the  end  branches,  and  the  main  line  impedance  is  constant 
from  input  to  output.  Such  couplers  have  some  of  the  advantage*  and  dis¬ 
advantage*  of  periodic  structures:  they  are  simpler  to  construct  than 


IWfimcii  art  Iiata4  il  tW  ta^  af  tka 


2 


ltsa  regular  structure*,  but  they  have  no  clearly  defined  paaa  band  in 
which  the  optimum  performance  la  aought  or  realised.  To  realise  such 
band-paas  behavior,  a  filter  rather  than  a  periodic  structure  la  neede4, 
and  the  branch  and  main  lilic  impedances  have  to  be  controlled  separately, 
t.omor  and  Crompton1  have  described  an  experimental  five-branch  "binomial" 
coupler,  in  which  only  the  branch  impedances  were  adjusted,  the  main  line 
atill  being  of  uniform  impedance.  Their  approach  is  baaed  on  »  first- 
order  theory,4  in  which  sny  coupler  is  considered  as  a  cascaded  set  of 
two-branch  couplers;  extensive  empirical  changes  have  to  be  made  experi¬ 
mentally  to  obtain  the  desired  performance.  Young2  has  considered  the 
general  case  when  the  branch-  and  main-line  impedaneca  are  both  allowed 
to  vary.  He  haa  given  formulas  ensuring  perfect  match  and  perfect  di¬ 
rectivity  as  well  as  the  correct  coupling  at  a  single,  frequency. 

This  report  supplies  an  optimisation  procedure  over  a  given  paaa 
band.  The  performance  of  many  designs  was  analysed  on  a  digital  computer 
to  check  out  the  theory.  Compared  to  periodic  couplers**4  only  about  half 
aa  many  brunches  src  gcnerslly  requited  to  give  about  the  aame  paaa-hand 
performance.  One  6-db  and  one  0-dli  coupler  were  built  in  waveguide,  w'tll 
very  close  agreement  between  experimental  results  and  predicted  performance. 
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II  THE  OIIAHTKK'WAVE  TftANSFOttMEK  PHOTOTYPE  CIRCUIT 


A  prototype  circuit  may  be  defined  »u  *  circuit  that  cun  be  designed 
to  have  certain  desired  clectricul  characteristics,  and  that  cart  in  none 
manner  be  tranaformed  into  another  circuit  having  the  dasired  mechanical 
cliaracteriaticn  while  retaining  at  leant  approximstely  the  desired  elec¬ 
trical  characteriatica.  The  prototype  circuit  in  uaualty  in  such  a  form 
that  it  can  readily  be  aynthnaixed  to  meet  thn  electrical  performance 
apeci f ication*. 

A  well-known  prototype  situation  ia  the  tranafnrmation  of  lumptd- 
conatanl  low-pass  filters7'1  into  band-pass  filters,  both  lumped-constant 
and  microwave.  Another  example  ia  the  quarter-wave  transformer,7  which 
can  be  transformed  into  half-wave  filters  and  direct-coupled-cavity 
filters.  The  general  synthesis  procedure  for  quarter-wave,  transformers 
is  known10,11  and  numerical  tables  of  solutions  have  been  published.11  An 
extensive  revie.w  with  many  more  tabled  has  been  presented  in  a  recent 
Sill  report. 11  The  quarter-wave  transformer  can  also  be  used  ns  a  proto¬ 
type  circuit  for  branch-guide  coupleia,  by  appropriately  relating  the 
steps  of  the  transformer  to  the  T-junctions  of  the  coupler.  The  nota¬ 
tion  for  the  branch-guide  coupler  impedances  or  admittances  is  shown  in 
Ki k •  2.  For  shunt  stubs  an  admittance  representation  is  used,  and  for 
series  stubs  an  impedance  representation.  Knch  T-junction  becomes  a 
oiie-e:glitli*wnve.length  {or  45  degree)  stub  in  both  the  even  and  the  odd 
mode,  opeu-ci rcui ted  in  the  one  ruse  sod  short* circuited  in  the  other, 
ns  shown  in  Fig.  3.  Only  the  shunt,  case  is  shown  in  thr  lower  half  of 
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Fig.  3.  Then  the  45  degree 
stub  become*  •  ahunt  admit* 
lance  tjli  (  at  the  ith  junction 
counting  from  either  aide.  The 
line  admittance*  on  either 
side  are  A' j  and  K  {  respec¬ 
tively.  The  dual  of  the  cou¬ 
pler  with  shunt  junctions  ia 
the  coupler  with  series  junc¬ 
tion*.  in  which  all  H  and 
are  impedances.  Since  we  wish 
to  include  both  cases  in  one 
discussion,  we  shall  (following 
Bode14)  refer  to  II  sud  K  as 
tan i t fence s ,  meaning  admit- 


* 
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FIC.  3  EQUIVALENT  CIRCUIT  OF  ith  T-JUNCTION 
FOR  EVEN  OR  OOO  MODE  AT  CENTEf? 
FREQUENCY 


lances  when  there  are  ahunt 
junctions,  ~.id  impedances  when 
there  are  aeries  junctions. 

The  two  nearest  reference 
planes  with  real  reflection 

coefficient  Pj  are  shown  in  Fig.  3  at  distance*  0'j  to  the  left  and  to 
the  right  of  the  junction.  Without  loss  i‘t  generality,  w*  may  suppose 


(1) 


Then  it  can  be  shown  (for  instance,  by  referring  to  a  Smith  chart)  that 
0  <  0,  <  0',  <  90°  .  when  //,  >  0  (2a) 

and 


0  <  0*  <  <t>\  <  90°  ,  when  W,  <  0  . 


(2b) 


liir  values  of  0'  and  <?'  arc  given  in  terfae  of  // , ,  A’ t_ j  and  by 


<f>'  •  —  sre  tan 

i  o 


2 «**!-, 


V'f  +  *i 

.  2"<*. 

4*  *  —  arc  t«n 

1  0  V®*, +  -®*,> 


i 


(3) 
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Furthermore,  when  H ,  is  positive,  snd  when  the  right-hand  (high-K)  side 
is  matched,  then  the  normalised  immittance  looking  into  the  reference 
plena  A  on  the  left-hand  (low -K)  side  is  reel  end  greeter  then  unity; 
when  the  left-hand  (low-K)  aide  is  matched,  then  the  normalised  immittance 
looking  into  the  reference  plane  B  on  the  right-hand  (high-#)  side  is 
likewise  real  and  greater  than  unity.  However,  when  II ,  is  negative  the 
normalised  immittances  seen  in  the  two  nearest  reference  planes  A  and  B 
are  real  hut  leas  than  unity.  (These  results  can  el)  be  proved  by  con¬ 
sulting  a  Smith  chart.) 

The  junction  VSW*,|J  V,  is  given  by 

v  UK,  ♦  '♦  Hl, )%  +  «K,  “  *,.,)*  +  U) 

UK,  ♦  If,.,.)*  *  «*,)S  +  UK,  -  K,.,)*  ♦  W*)'X 

A  sequence  nf  junctions  like  the  one  shown  in  Fig.  3  (shunt  case) 
is  shown  in  Fig.  4.  It  represents  a  portion  of  one-helf  the  branch-guide 
coupler  in  either  the  even  or  odd  mode  (either  all  H,  positive  or  all  H, 
negative).  If  the  branch-guide  coupler  (i.*.,  the  circuit  of  Fig.  4)  is 
to  be  Laced  on  the  quarter-wave,  transformer,  reference  planes  on  opposite 
sides  of  adjacent  junctions  must  touch*  as  shown  in  Fig.  4,  which  is  the 
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FIG.  A  SPACINGS  BETWEEN  BRANCHES  FOR  SYNCHRONOUS 
COUPLERS 
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synchronous-tuning  condition11  for  filters.  Branch-guide  couplers  de¬ 
signed  in  thia  manner  will  therefore  be  called  synchronous  coupler*. 

In  addition)  the  junction  VSVfRa,  V ( ,  of  the  coupler  must  he  act 
equal  to  the  V,  of  the  selected  prototype  transformer,  which  gives  a 
condition  connecting  K  A'  ,  and  Ilf,  (Only  their  ratios,  and  not  the 
impedance  level,  ere  aignificant,  ao  that  only  two  and  not  three  quan- 
titiea  have  to  be  aolved  for.)  The  other  condition  derivea  from  the 
reference-plane  poaitiona.  Since  the  coupler  ia  aymmetrieal  about  the 
center,  the  poaition  of  the  reference  plane  aaaociated  with  the  center 
branch  or  pair  of  branches  depend*  on  whether  the  number  of  aectiona,  n, 
ia  odd  or  even  (Fig.  1).  (The  number  of  branchea  ia  one  more  th*n  the 
number  of  aectiona,  that  ia,  n  +  1.) 

For  n  ■  odd  (Fig,  la)— Suppoae  that  for  inatance  n  *  3.  There  are 
tliua  four  branches.  The  center  reference  plane  at  band  center  ia  by 
symmetry  45  degrees  from  its  junction,  which  in  thia  case  ia  the  second 
junction  from  the  end.  Once  a  three-section  quarter-wave  transformer 
prototype  haa  bee:,  aeiected,  of  thia  prototype  transformer  can  be 
calculated.  For  n  »  3,  or  any  odd  n,  d>“t  •  45’,  end  from  EqB,  (3)  and 
(4)  the  parameters  of  thia  junction,  A,/#,,  Wj /Kf  and  </>',  can  now  be 
induced.  Thia  in  turn  yields  4>\.  *  90*  “  which,  when  V.  of  the  proto¬ 
type  transformer  ia  known,  yields  the  required  parameters  of  the  first 
junction,  A'#/AT ,  end  //,/A',,  from  Kqs.  (3)  and  (4). 

For  n  ■  even  (Fig.  lb) — Suppoae  that  for  inatance  n  ■  4.  There  are 
thus  five  branches.  The  center  branch,  of  immittance  //,,  haa  the  same 
immittance  K ?  on  either  aide  of  it,  since  ft  is  even.  The  VSWR  of  the 
imraittnnee  (1  *  ///,/A,)  is  set  equal  to  the  junction  VSWH,  V,,  of  the 
middle  step  (the  third  step  from  either  end)  of  the  appropriate  four- 
section  quarter-wave  transformer  prototype  circuit.  Thia  determines 
//j/A'}  and  also  of  the  middle  junction.  From  the  next  junction 

VSWH,  V'j ,  of  the  prototype  transformer  and  the  equation  </>J  ■  90°  -  d>J, 
the  parameters  of  the  second  T-junction  are  obtained  from  Eqa.  (3)  and 
(4).  yielding  A',/A’j,  //,/A ,  #nd</>J,  and  so  on  down  the  line. 

Since  this  procedure  is  numerically  tedious,  a  graphical  solution 
wan  devised,  which  depends  on  n  sort  of  Smith  chart15  crossed  with  a 
Carter  chart. 14  The  graphical  solution  is  described  in  the-next  section. 
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Ill  DESIGN  BY  CHARTS 


The  three  charts  shown  in  Fig*.  5,  6,  and  7  are,  respectively,  the 
full  chart  and  two  chart*  with  an  expanded  center.  (Figure  7  i*  more 
expanded  than  Fig.  6.)  The  lower  circle  in  Fig.  S  contain*  the  portion 
of  a  Smith  chart  inaide  the  unit  conductance  (or  reaistance)  circle. 

There  are  two  familiea  of  circle*  outaide.  On*  ia  the  family  of  conatan* 
conductance  circlet,  with  the  reciprocal  value*  marked;  thua  inaide  the 
S.ii  th-chart  circle  the  conductance*  have  been  aelected  to  have  value*  1.2, 
1.4,  1.6,  etc.,  while  thoae  outaide  are  marked  likawia*  hut  have  eon* 
ductance  1/1.2,  1/1,4,  1/1.6,  etc,  (inatead  of  the  uaual  circle*  of  con* 
diictancen  0.8,  0,6,  etc.).  The  other  family  of  circle*  represent*  cento  ir* 
of  arg  Y  ■  constant  where  Y  aland*  for  admittance.  If  wa  write  Y  •  G  *  jit, 
then  the  number  of  degree*  repreaent  the  quantity  arc  tan  (B/G).  The  uae 
of  thia  chart  will  now  he  explained  by  mean*  of  two  example*,  and  the 
theory  behind  it  will  become  apparent  aa  the  explanation  proceed*. 

Exanpie  lll-l—Got*  of  n  *  odd,  Deaign  a  branch-guide  coupler  baaed 
on  a  qur rter*w*vc  tranaformer  of  n  »  3  aectiona,  output- to- input  impedance 
ratio  It  ■  6,  and  tranaformer  fractional  bandwidth*  wf  «  0.6  (The  aelection 
of  the  prototype  ia  dealt  with  later.) 

From  the  tables,12  the  junction  VSWJla  of  the  prototype  tranaformer  are 
F.  *  1.311  and  Fj  *  2.4495/1.311  •  1.869.  Half  the  coupler  for  either  the 
even  or  the  odd  mode  is  shown  in  Fig.  8. 
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PIG.  5  DESIGN  CHART  FOR  BRANCH-GUIDE  COUPLER  -  0 
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FIG.  6  DESIGN  CHART  FOR  BRANCH-GUIDE  COUPLER  -  CENTER  EXPANDED 
TOVSWR  -  2.0 
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FIG.  7  DESIGN  CHART  FOR  BRANCH-GUIDE  COUPLER  -  CENTER  EXPANDED 
TOVSWR  -  1.25 
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JUNCTION 

NOC^i'.IZCO  I 
iuuutanccs: 


The  second  junction  from 

the  end  i«  45  decree*  from  the  '45V. 

i  lu 

reference  plane  at  the  center  junction  |» 

of  the  coupler,  where  the  re-  Noj _ j  } - jo 

flection  coefficient  of  thia  - - j  J  I 

junction  (T, )  ia  real.  There-  INP>uT  jK|  ic,]* 

fore  in  the  plane  of  the  junc-  1 _ («-|  j _ rn _ j5 

tion,  T,  ia  pure  imaginary  *'  1  *3t1r f  5 

*  ,  ,  ,  junction  1 

(since  it  ia  45  deicree*  from  nofi^t’.:zto 

.  .  immittanccs:  *,♦!•,  Vi** 

Pj  *  real),  and  thia  r,  ta 

therefore  on  the  horizontal 

di aueter  in  Fig.  9.  Its- post* 

,  •  ■  ...  ,,vV  .  ,  FIG.  t  EVEN-  OR  OOD-MOOE  EQUIVALENT  CIRCUIT 

t»,n  >*  determined  l»y  j  1.869,  FOR  DESIGN  OF  FOUR-tRANCH  (n  -3) 

,od  it  ia  locatco  at  the  point  COUPLER  USED  IN  EXAMPLE  111*1 

marked  "START. "  It  corresponds 

to  the  normal ited  admittance 

(A‘l  i}HJ)/KJ.  Neat  we  wiah  to  find  the  admittance  A,  4  jBf  •*  (K 5  ijHJ)/Kl 
which  cot  respond*  to  the  junction  admittance  seen  from  the  other  aide  is 
Pig.  8.  (Admittance,  ia  again  uatd  to  aimplify  the  explanation.  For  a 
coupler  with  series  junctions,  replace  admittance,  conductance  and  sua- 
ceptance,  by  impedance,  resistance  and  reactance,  respectively.)  It  ia 
ohtsined  an  indicated  in  Fig.  9  by  first  following  the  arrowed  line  along 
an"arg  P  *  constant"  contour,  down  to  the  unit  conductance  circle,  and 
thence  following  a  constant  suaceptance  contour  as  far  as  the  circle 
F  *  A’j/ A’,.  My  stopping  on  thia  circle  we  ensure  inverting  the  conduct¬ 
ance  component  from  A’,/A’}  at  the  start  to  A}  •  Aj/A, .  That  the  auacep- 
tance  component  comes  out  ss  it  should  can  be  deduced  from  the  fact  that 
the  lower  portion  of  the  arrowed  path  keep*  the  suaceptance  constant,  by 
definition,  while  the  upper  portion  follows  an"arg  F  •  constant"  contour, 
and  therefore  the  real  and  imaginary  part*  of  F  a.  e  multiplied  up  or  down 
together.  Now  the  real  part  changes  from  A(/A,  ti  unity  ( fol lowing  the 
arrow),  nud  therefore  the  imaginary  part  is  also  multiplied  by  A'j/A,  and 
this  is  just  what  is  needed  to  turn  into  /tfj/if,.  incidentally, 

the  two  points  marked  "START"  and  A}  ♦  /Bj  are  necessarily  at  the  aame 
radius,  since  the  normalized  junction  reflection  coefficient,  or  the 
junction  VSWU,  of  a  lossless  junction  ia  independent  of  which  port  is 
taken  as  the  input  side. 
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FIG.  9  SOLUTION  BY  CHART  OF  FOUR-BRANCH  (n  -  3)  COUPLER  USED  IN  EXAMPLE  lll-l 
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To  more  on  to  junction  1,  the  restriction  </>J  ■  90°  -  4>\  determines 
the  .direction  of  the  radius  in  Fig.  9.  It  points  into  the  upper  left- 
hand  quadrant,  and  images  the  radius  to  d}  t  in  the  horiaontul  line. 
For  construction  purposes  it  is  easier  to  ignore  differences  hatween  left 
and  right  of  the  vertical  center  line,  and  simply  to  continue  the  radius 
from  dj  +  JB j  along  a  straight  line  following  the  nrrow  into  the  upper 
right-hand  quadrant  in  Fig,  ?  The  distance  out  to  the  circle  there 
corresponds  to  a  VSWil  of  V,  ■  1.311,  On  a  full  Smith  chest  this  point 
would  give  the  admittance  in  the  plane  of  the  firat  junction  seen  from 
the  line  K , ,  i.e.,  the  admittance  (A0  i  /// j )/K , .  By  the  same  construction 
as  before  we  now  turn  this  admittance  into  <4,  +  ■  (A,  ± jW, )/A# ,  which 

is  the  admittance  of  the  first  junction  seen  from  the  line  A#.  All  the 
coupler  admittances  are  now  found  as  follows,  normaliied  to  A#  s  1.0: 


A,  -  A,‘  «  1 .189 


'  h\ 


A,  A,  -  1.429  //,  *  fl„A 


2  I 


0.228 


0.792S 


'5) 


where  fl,  and  li 2  are  simply  taken  ns  positive,  since  differences  between 
the  left  and  right  half  are  being  ignored.  In  general,  the  solution 
when  the  number  of  sections,  n,  is  odd  (when  the  number  of  branches, 
n  +  1,  ia  even)  Is  obtsined  from: 


etc. ,  and 


etc. 


*2 

*a 

*« 


-  1 

"  V2 


> 


"\  *  fii 

//j  -  A,/?, 

"j  •  V,B, 


(6) 
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If  the  coupler  con* ill*  of  aeries  instead  of  shunt  junction*,  then 
K  *ml  it  are  impedances  instead  ti  admittance*. 

The  coupling  coefficient  *t  center  frequency  for  a  Matched  coupler 
can  also  he  read  off  from  Fig.  9,  by  extending  the  radiua  through 
(dj  +  jflj)  to  the  outernoat  scale.  In  this  case  it  i*  2,9  db.  The  cou- 
pling  when  the  input  ia  Matched  is  given  by  the  difference  in  phaae 
shifts  suffered  by  the  even  and  odd  Modes.  No*  the  phase  shift  between 
reference  planes  (with  real  T)  ia  a  Multiple  of  90  degrees,  and  ia  ,he 
setae  for  both  Modes,  I*,  is  therefore  necessary  to  calculate  the  sepa¬ 
ration  between  the  even-  and  odd-mode  reference  planes  at  either  end  of 
the  coupler.  These  separations  are  the  ease  at  the  two  ends  of  the 
coupler,  by  syMMetry,  and  are  in  equal  and  opposite  directions  for  the 
two  Mode*  from  the  position  corresponding  to  no  coupling.  The  Coupling 
C  (dh)  at  center  frequency  (where  the  coupler  ia  perfectly  matched  since 
n  is  odd)  is  finally  found  to  be  equal  to  the  square  of  the  sine  of  the 
angle  he* wren  the  radius  to  A,  +  /Bj  and  the  horizontal  axis.  Expressed 
in  decibels,  it  ia  narked  off  on  the  lower  outer  scale  in  Fig.  9.  It  ia 
seen  that  for  0-db  coupling  (complete  cross-over)  to  be  possible,  all  of 
the  points  would  have  to  lie  on  the  vertical  axis.  It  will  in 

fact  be  seen  later  iKq.  (11a))  that  0-db  coupling  with  a  single  design 
becomes  possible  only  in  the  limit  of  It  tending  to  infinity.  A  0-db 
coupler  bus  therefore  to  be  designed  as  two  or  more  couplers  in  cascade, 
r.g.  two  ,1-db  couplers,  or  three  6-db  couplers,  etc. 

Kxanplt  til-2— Cast  of  n  •  even.  Design  a  branch-guide  coupler 
based  upon  n  quarter-wove  transformer  of  n  •  4  sections,  output-to-input 
impedance  ratio  W  ■  6,  and  bandwidth  wf  "  1.00. 

From  the  tables*1,11  the  junction  VSWIU  of  the  prototype  transformer 
arc  Ij  *  1.247,  I'j  ■  l, SIB,  V'j  »  1.672.  Half  the  coupler  for  either  the 
even  or  the  odd  mode  is  shown  in  Fig.  10.  The  third  junction  from  the 
cud  is  the  middle  junction,  and  the  lines  on  either  side  of  St  have  the 
same  admittances,  A’j.  The  junction  admittance  seen  from  eiLher  r.ide  in 
1  1  ,//,/*,;  its  real  port  is  thus  unity,  and  it  must  correspond  to  a  VSWJl 
of  J'j  1.672.  This  is  the  point  marked  "STAHT"  in  Fig.  11,  situated  on 
the  unit  conductance  circle.  Apart,  from  this  different  beginning,  all 
.subsequent  steps  are  ns  in  Example  1 1 1  - 1 ,  and  it  is  found  that: 
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FIG.  10  EVEN*  OR  OOOMOOE  EQUIVALENT  CIRCUIT 
FOR  DESIGN  OF  FIVE-BRANCH  (n  •  4) 
COUPLER  USED  IN  EXAMPLE  111-2 


A"#  •  1.0  W,  *  B,  •  0.180 

K,  -  A,  -  1,155  «,  •  BiKl  ■  0.481  (?) 

Kj  -  AiKl  «  1,383  «,  •  -  0.719  . 

The  general  solution  is  still  given  by  Kq.  (6).  The  coupling  C  (db)  nt 
center  frequency  (where  this  coupler  hss  ■  very  low  VSfR)  is  reed  off  as 
before  mid  in  again  2.9  db.  It  will  be  seen  later  (Kq.  (11a)]  that  the 
coupling  in  only  a  function  of  B,  when  the  reflection  loss  is  negligible, 
nud  .since  H  •  6  in  both  examples,  thin  result  was  to  be  expected.  An 
expression  for  the  actual  coupling  P J>t  (db)  when  there  is  appreciable 
reflection  Inna  will  also  be  given  later  [Kq.  (lib)]. 
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FIG,  11  SOLUTION  BY  CHART  OF  FIVL-BRANCH  (n  -  4)  COUPLER  USED  IN  EXAMPLE  111*2 
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IV  CHOICE  Of'  QUARTER-WAVE  TRANSFORMER  PROTOTYPE 


The  even*  or  odd-mode  h» I  f  of  the  branch-guide  coupler  has  been 
modeled  on  the  quarter-wave  tranaforaier  at  center- frequency .  If  the 
prototype  transformer  haa  a  wide-hand  Tchebyacheff  reaponae,  then  the 
branch-guide  coupler  may  similarly  be  expected  to  have  low  VSWR  and 
high  directivity  over  a  wide  band  of  frequencies;  if  the  prototype 
' evna former  in  narrowband  m*  maximally  flat,  then  tha  branch-guide 
coupler  VS*H  and  directivity  reaponae  may  he  expected  to  be  narrow-band 
or  approximately  maximally  flat.  The  coupling  from  one  line  over  to 
the  other  f /'a  on  Fig.  2)  in  generally  found  to  increase  slowly  aa  the 
frequency  moves  away  from  band  center  (either  up  or  down),  and  ia  less 
obviously  dependent  on  the  prototype  characteristics.  One  would  like 
to  have  some  criteria  leading  from  the  specification  for  the  coupler 
to  the  selection  of  the  prototype  transformer  that  will  transform  it 
into  n  coupler  meeting  the  specification. 

I.ct  V  nnd  P  be  the  VSW1I  end  aaaocinted  reflection  coefficient  of 
the  branch-guide  coupler  nt  nny  frequency;  let  V  and  P'  be  the  VSWR 
and  associated  reflection  coefficient  of  the  prototype  quartor-wava 
trails  former  at  the  corresponding  frequency.  An  examination  of  tho 
phase  relationships  between  reflected  nnd  transmitted  wnvea*  show*  that, 
si  center  frequency, 


anti  log  (Pj/20) 

v  *  i _ r* 

op/i  anti  log  (Pj/20) 


(ia) 


nnd  the  directivity*  /I 


in  decibels  is  given  by 


<1 

Ik.  oatpal  (ro«  tk.  pert  i— rii.uly  brio.  tk.  iapat  port  ia  ri*.  I  i>  (0  ♦  ft,)  rfacik.U  l*lat  tk. 
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i  r* 

"20  log,,  ,,  "**  ..  ... 


</>,/20) 


-  f,  db 


•  “20  log 


I  v 


[V  ♦  1 

L  2)* 


»nt « log  (/’,/20)|  1  * 


I'M 


Kquationa  (8a)  and  (9*)  aiao  hold  approximately  n«ar  center  frequency. 

Wo  ahall  now  define  a  bandwidth  contraction  factor,  fi,  a*  follow*: 

If  the  prototype  tranaformer  fractional  bandwidth  ia  w^,  over  which  i'.a 
V.SWII  doea  not  exceed  Vaat  (the  aaaociatcd  reflection  coefficient  being 
r.J,  then  the  branch*guidc  coupler  fractional  bandwidth  ia  P" over 
which  ita  V.SWII  doea  not  exceed  t‘aal  (the  aaaociatcd  reflection  coefficient 
lining  P  ),  and  ita  directivity  ia  better  than  0 m ,a  decibela. 

Kqut' ‘ona  (Ja)  and  (9a)  hold  approx inatel y  when  Vaal,  P.,,t 

r*tl  and  Ot|t  are  aubatituted  for  V,  V ,  |’t  P' ,  and  D  reapectively.  In 
moat  raaea,  V't<  will  be  eloa#  to  unity  (i.e.,  P'a>  will  be  amall  caw 
pared  to  unity);  neglecting  P*  compared  to  unity,  Kqa.  (8a)  and  (9*) 
reduce  to 


P1 

•  »  a 


antilog  (/',/ 20) 
nmU  «  -20  log,, 


r* 

_ !1! _ I  -  p 

antilog  (P,/20)|  * 


(8b) 


(9b) 


Making  the  additional  convenient  approximation  when  P  ia  amall, 
and  P  -  (V  -  t )/2, 


I' _  -  i  4 


I  “  l 

•  •  f 


anti  log  (/’j/20) 


*•  -20  log,, 


-  l 

•  M  * 


2  anti  log  ( /^ , /20 ) 


“  P, 


(8c) 


(9c) 
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One  cu it  cm.  bine  Ki|».  (fl*)  nnd  (In)  tti  nbiuitt,  at.  center  frequency 
(tbi*  become*  tin  approximation  netr  center  I ) , 


(/'j/20) 

P  *  anti  I  ok  (/’,/aO) 


(10) 


(A*»(«~ln  Kq*.  (R).  (0),  unit  ( 10)  P,  aiul  P  ,  arc  |inaitirc  quantitiea 
aiul  t lie  anti  lug*  arc  quantitie*  greater  than  unity.  For  instance,  for 
a  fi-db  coupler,  1* ?  *  6  *Jl« .  am!  anti  log  (Pt/20)  *  2.  If  tKc  coupler  ia 
a l no  matched,  then  P(  »  1.2S  db,  and  antilog  (P,/ 20)  •  1.154.) 

The  ration  on  either  aide  of  Kq.  (10)  are  the  «awe  quantity  aa  the 
ratio  K4/K,  •  X/)'  in  lief.  3,  ami  can  he  calculated  from  the  formula* 
given  there. 


Equation*  (R),  (0),  and  (10) 
apply  to  aynchronoua  coupler*.  Iiut 
not  neceaaarily  to  other*.  For  ex¬ 
ample,  they  do  not  generally  apply 
to  peeimhr  coupler*  (Section  VI). 

When  the  coupler  ia  matched  at 
center  frequency,  then  the  coupling 
/*,  at  center  frequency  «i  It  he  de¬ 
noted  hy  (dli).  It  enn  be  related 
to  /I  hy  the  formul  n 

(  II  4  A 

c*  M  Ho  firry  1  *  •  oi.) 

in  nil  the  numerical  solution*  at¬ 
tempted.  A  genernl  proof  for  this 
formula  lias  nut  yet  liecn  found.  The 
coupling  (•  does  not  depend  on  the 
number  of  brunches  or  the  bandwidth. 
The  re  I  fit  i  on  between  C  nnd  /I  is 
grnplied  in  Fig,  12,  nnd  n  few  more 
common  vuluen  are  tabulated  in 
Table  I.  When  the  coupler  ia  not 
matrlied  at  renter  frequency,  nnd 


tenet  •*  -“  fWtl 


FIO.  12  PLOT  OF  CENTER  FREQUENCY 
COUPLING  C  (db)  v».  IMPEDANCE 
RATIO  PARAMETER,  R,  FOR  A 
MATCHED  COUPLER 
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it*  prototype  transformer  has  ■  VS0H  1'J  at 
Renter  frequency,  then  the  center  frequency 
coupling  PJt  it  given  by 


1.0 


C-  10  leg,# 


(v;  +  n* 


tapu  i 

tabu  cownkctinc  -rot  impcmnct. 
hat  io  PAiuur.Tr.g  g  »rnt  the 
COUBMNGC  (4h)  AT  COOT.H 
wowser  rt*  a 
BATOttO  OOWt.EB 


till 


(lib) 


a 

c 

(46) 

c 

Uk) 

a 

I.2S 

10.01 

20 

1.222 

1.5 

13.07 

17 

1.330 

:.o 

0.54 

15 

1.432 

2.5 

7.35 

14 

1.400 

3.0 

6.02 

10 

1.025 

4.0 

4.43 

7 

2,617 

5.0 

3.52 

6 

3.012 

6.0 

2.02 

4 

4.412 

1.0 

2.11 

3 

5.04 

lo. o 

1.74 

1 

17.41 

•t  leant  for  every  coupler  given  in  the 
tnhlen  in  Appendix  1. 

The  branch-guide  coupler  character¬ 
istics  (like  thoae  of  the  prototype  trans¬ 
former)  will  be  symmetrical  about  the  center 

frequency  when  plotted  against  X4l/Xj(  "here  Kf  ia  any  guide  wavelength, 
and  ia  the  particular  guide  wavelength  at  band-center,  defined  na 
follows.  I.et  X(j  and  be  the  longest  and  shortest  guide  wavelengtha 
in  the  paaa  band;  then  \(l  ia  defined  by 


<1 


A  X 


<: 


(12«) 


The  fractional  bandwitlth  of  the  branch-guide  coupler  wilt  be  denoted  by 
w4  and  ia  defined  (analogously  to  the  quarter-wave  transformer  fractional 
bandwidth,  w^)  by 


w 


i 


IT 


(12b) 


it  haa  been  found  that  the  coupler  fractional  bandwidth  w^  ia  always  leaa 
than  the  prototype  transformer  fractional  bandwidth  »f  Their  ratio  ia 
denoted  by 


t 


which  is  the  banthriilth  contract  ion  factor  r,l  ready  referred  to. 

Before  »e  can  select  the  appropriate  quarter-wave  transformer 

prototype  from  which  to  derive  our  branch-guide  coupler,  we  have  to 
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know  ike  baud* iiilh  contraction  factor,  An  examination  of  a  large 
number  of  caaea  from  maximally  flat  prototypes  to  prototypes  hevinjf  band* 
widths  of  at  least  80  percent,  showed  lliu.  thu  ht*«d*iut.h  nentraetion  lac- 
tor  (l  did  not  change  appreciably  with  bandwidth,  but  (lid  change  with  the 
number  of  sections  e  (number  of  branc*.**  ■'  *  *  1),  and  the  imperfr.nc-i* ratio 
parameter  H.  Because  predicting  fl  fre*  tho  T-junction  properties  seemed 
too  formidable  an  undertaking,  a  large  number  of  branch-guide  couplers 
were  analysed  and  their  bandwidth*  compr.rrH  to  thos  of  their  prototype 
transformers.  From  this  comparison  the  graph  of  F  18  wen  prepared. 

The  bandwidth  contraction  factor  .0  was  found  la  lie  ItCtKian  O.S  end  0.? 
in  most  esses;  it  was  nearer  the  upper  vs In*  of  0.?  for  weaker  coupling 
(smaller  ft)  and  fewer  sections  (lower  n).  An  example  of  the  *;*e  of 
Fig.  13  in  the  selection  of  a  prototype  will  now  be  given, 

Fsua pit  IV-i— Design  of  a  J-rfb  Coupler,  find  the  prototype  trans¬ 
former  for  a  3-db  branch-guide  coupler  which  is  to  have  an  input  VSVH 


c  tool 


FIG.  13  BEST  ESTIMATES  FOR  BANDWIDTH  CONTRACTION  FACTOR,  A  BASED 
ON  77  INDIVIDUAL  SOLUTIONS 
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below  1,10  and  directivity  in  excess  of'20  db  over  »  24-percent  frac¬ 
tional  Imiiuo tu th • 

From  Fig.  12  or  Table  I,  when  C  *  3  db,  then  R  »  5.34.  Try  *  t»o- 
hmnch  coupler  first,  corresponding  to  a  single-section  quarter-wave 
transformer  (n  ■  1),  From  Fig.  13,  fi  •  0.64  for  n  «  1,  so  that  the 
prototype  fractional  bandwidth  must  be  •Jfi  *  24/0,64  percent,  or  nearly 
40  percent  by  Kq.  (13).  The  maximum  VSWIl  of  a  single-section  -quarter- 
wave  transformer^  of  R  •  6  and  •  0.40,  is  1.660.  It  follows  from 
Kq.  (6b)  that  Fs(|  of  the  coupler  would  then  be  conaiderably  greater 
than  the  1.10  specified. 

Try  a  three-branch  coupler  next,  correaponding  to  a  two-section 
quarter-wave  transformer  (»  «  2).  From  Fig,  13,  fi  ■  0.62  for  n  *  2,  so 
that  the  prototype  fractional  bandwidth  must  be  24/0.62  percent,  or  * l - 
most  40  percent.  Now  the  maximum  VSWR  of  a  two-section  quarter-wave 
transformer11  of  R  *  6,  ■  0.40,  is  1.11,  which  for  a  3-db  coupler  by 

Kq.  (»c)  yields  F.,,  -  1  \  0.11/1  414  »  1.08  which  is  below  the  I. 10 
specified.  The  directivity  from  Eq.  (9b)  or  (9c)  will  be  better  than 
"20  log,#  (0,04)  "  P.  "25  db  which  exceeds  the  20  db  specified. 

Thus  the  prototype  quarter-wave  transformer  will  in  this  case  hn-C 
two  sections  (n  •  2),  R  ■  5.84,  and  bandwidth  wf  ■  0.40.  Its  junction 
V.S*Hs  can  be  found  from  tables,12  and  then  converted  to  the  branch-guide 
coupler  parameters  either  by  meant  of  charts  (see  Examples  111-1  and 
111-2  of  the  last  section)  or  by  interpolating  from  the  tables  in 
Appendix  A, 

Nothing  has  yet  been  said  about  the  variation  of  the  couplings  P( 
mol  /* }  with  frequency.  This  is  analogous  to  prescribing  the  amplitude 
chnructeristic  of  a  filter  and  then  asking  about  its  phase  (or  time- 
delay)  characteristic.  The  amplitude  and  phn.it  characteristics  are  re¬ 
lated  nnd  cannot  he  prescribed  independently  of  each  other.  In  the  case 
of  the  branch-guide  coupler  the  coupling  characteristica  are  determined 
by  the  difference  between  the  even-  and  odd-mode  phase  character! sties. 
To  obtain  a  systematic  picture  of  the  frequency  variation  of  the  VSWIl  F, 
the  di recti rity  t)  (db)  and  the  two  couplings  (the  in-line  coupling  P ( 
nnd  the  cross-over  coupling  P},  both  in  db),  these  were  plotted  in 
Mgs.  14,  15,  and  16  for  couplers  based  on  maximally  flat  quarter-wave 
transformer  prototypes  for  n  »  1 ,  2,  4,  an-  I],  and  for  R  ■  1.5,  3,  and 
6,  corresponding  to  couplings  (C)  of  approximately  14,  6  and  3  db 
(Table  I).  The  graphs  nre  plotted  against  the  quantity  (A^j/A^),  where 
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FIG.  14  VSWR  CHARACTERISTICS  OF  SOME  MAXIMALLY 
FLAT  COUPLERS  (ImmlHoncet  of  llie»e  couploft 
of#  given  In  Tobies  M  and  1-2  of  Appendix  I) 
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FIG.  13  DIRECTIVITY  CHARACTERISTICS  OF  SOME 
MAXIMALLY  FLAT  COUPLERS  (Immliioncai 

•f  the**  coup  left  eft  given  l»  Teklet  M  end 
1*2  o(  Appendix  I) 
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It  can  be  aeen  from 
Kin.  16  that  the  coupling  Pt 
generally  become*  atronger  (/*,  FIG.  16 
Measured  in  decibels  decreases) 
on  either  aide  of  center  fre¬ 
quency  (the  curves  are  syn* 

Metrical  about  A  j/.^  ■  1). 

and  corresponding! y  P }  becoaies  weaker  {P j  Measured  in  decibels  increases). 


COUPLING  CHARACTERISTICS  OF  SOME 
MAXIMALLY  FLAT  COUPLERS  (launlttencss 
of  these  tx.Jora  ere  given  In  Tables  M  end 

ond  L2  of  Appendix  I) 


Nov  return  to  Kxanple  TV-1,  If  ve  nay  use  Fig.  16  as  s  guide,  then 
over  the  24-percent  hand  specified  this  three-branch  3-db  coupler  would 
be  expected  to  change  each  of  its  couplings,  P(  end  Pt,  by  a  little  under 
0.3  db.  Thus  if  the  coupler  were  designed  to  have  3-db  coupling  at  center 
frequency  (corresponding  to  1  <  5.34  picked  before) ,  than  f,  would  go  to 
2.7  db  «■<<!  /’ |  to  3.3  db  at  the  24-percent  band  edges.  If  the  specifica¬ 
tion  asked  for  both  /’ ,  and  Pf  to  be  Maintained  to  within  10. IS  db  uf  3  db 
over  the  24-percent  band,  or  generally  t,e'optinise  the  balance  over  the 
hand  aa  a  whole,  then  the  coupler  would  be  designed  with  Pj,|  *  3.15  db, 
corresponding  to  fl  •  5.7,  by  Fig.  12  or  Eq.  (11a).  This  coupler  was  de¬ 
signed  (using  the  tables  in  Appendix  A)  and  has-  the  following  psranetero: 


A'e  *  1  ,  A'j  »  1.2902  ,  «,  ■  0.4363  ,  -  1.0844 
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FIG.  17  COMPUTED  PERFORMANCE  OF  THREE-BRANCH  (n  ■  2)  COUPLER  OF  EXAMPLE  IV-1 


1  la  analyzed  performance  ia  reproduced  in  Fig.  17,  and  it  ia  found  to 
conform  very  cloaely  to  the  apcci f icationn.  (Again,  tkia  ia  plotted 
only  for  one  aide  of  band-center,  aince  the  rraponae  ia  ayametrical  aa 
plotted.)  Kroa  Fig.  17,  the  analysed  performance  over  the  24-percent 
bandwidth  ia:  Maxiaua  VSWT1,  1.07  (1 . 08  »aa  predicted);  Miniaua  directiv¬ 
ity,  26  db  (25  db  wa*  predicted);  Couplinga  P,  and  Pj  both  within  10.2  db 
of  3  db  (10.15  db  waa  predicted). 


V  FURTICR  NUMERICAL  EXAMPLES 


In  applying  any  approximate  design  procedure,  the  question  inevitably 
arises:  How  accurate  is  it?  One  way  to  anawer  thia  queation  ia  to  ana¬ 
lyse  numerically  the  performance  of  some  representative  cases,  A  ft* 
more  of  these  sample  cases  which  were  analysed  are  reproduced  in  thie 
section. 

Example  F-i— Design  of  a  6-db  Coupler.  Optimise  a  five-branch  6-db 
coupler  over  a  25-percent  fractional  bandwidth.  Estimate  the  maximum 
VUiH  and  the  minimum  directivity  over  thia  band,  and  the  variation  in 
coupling. 

For  a  well-matched  coupler,  a  coupling  coefficient  of  6  db  requires 
R  ■  3,  by  Table  I.  The  bandwidth  contraction  factor,  P,  is  0.64  from 
Fig.  *3.  For  J  coupler  fractional  bandwidth  wt  •  25  percent,  we  there¬ 
fore  require  ■  0.25/0.64  «  0.4.  From  data  on  quarter-wave  transformers 
for  n  ■  4  (Table  III  of  Ref.  12)  the  maximum  paasband  VSWR  (V'tI)  for  the 
quarter-wave  transformer  will  be  less  than  1.01.  Therefore  will  be 

leas  than  1.005  for  the  branch-guide  coupler,  by  Eq.  (Be),  since  Pt  ■  6  db. 
The  directivity  by  Eq.  (9c)  should  be  better  than  -20  log)(  (0.005/2  * 
0.R66)  “  6  ■  44  db,  since  P,  *  1.25  db  for  a  well-matched  6-db  branch- 
guide  coupler. 


This  coupler  was  designed  by  chart,  and  then  constructed  in  waveguide 
according  to  the  impedance  vnlues  so  obtained.  The  impedances  were  later 
recomputed  more  accurately  from  the  tables  in  Appendix  l  after  the  coupler 
had  already  been  built.  (These  later  and  more  accurate  values  are  shown 
in  brackets  below,  as  they  were  not  used  in  constructing  the  coupler.) 

It  was  found  that 


K0  -  1.0  (1.0) 

A,  -  1.036  (1.0367) 
A'j  -  1.127  (1.1323) 


//,  ■  0.070  (0.0688) 
llj  *  0.274  (0.2823) 
//j  ■  0.450  (0.4522) 


V  (14) 
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A  comparison  between  the  first  set  of  number*  (calculated  by  chart) 
and  th«  number*  in  brackata  (calculated  by  digital  computer)  give*  an 
indication  of  tka  accuracy  obtainable  by  chart.  Kara  it  ia  about  2 percert 
in  H  and  in  (A'  “  1)  on  the  average. 

The  analysed  perforaance  of  the  coupler  «ith  the  iapadancea  in 
brackets  (obtained  by  digital  coaputar)  conforaa  vary  closely  to  the 
predicted  values  of  aaxiaua  VSWR  and  ainiaua  directivity  over  the  25-per¬ 
cent  pass  band:  ita  computed  values  by  analyaia  vara  respectively  1.00', 
for  the  aaxiaua  VSWR  (compare  1.005  predicted),  and  43  dh  for  the  minima* 
directivity  (compare  44  db  predicted);  the  canter  frequency  coupling  ia 
exactly  6.02  db.  The  analysed  performance  of  the  coupler  with  the  first 
act  of  impedances  (obtained  by  chart)  ia  little  changed  though  the  maxi¬ 
mum  VS*I4  in  the  25 -percent  pass  band  ia  now  1.01,  and  the  ainiaua  di¬ 
rectivity  34  db;  the  canter  frequency  coupling  i*  6.1  db.  Junction 
discontinuity  effect*  and  mechanical  tolerancea  may  be  expected  to  have 
a  greater  effect  on  perforaance  than  inaccuracies  due  to  uaing  the  chart; 
it  may  therefore  be  concluded  that  the  charts  are  almost  aa  accurate  aa 
the  tables  for  moat  practical  purpose*. 

The  analysed  perforaance  of  the  coupler  (designed  by  chart)  ia  shown 
in  Fig.  18,  together  with  the  experimental  result*  in  waveguide,  which 
will  be  described  later. 

The  variation  in  coupling  may  be  estimated  from  Fig.  16.  It  is  seen 
from  the  curve  for  n  ■  4,  B  ■  3,  that  changes  from  6  db  at  band-center 
by  0.2  db  to  5.8  db  at  the  25 -percent  band-edges  a  1  10.125). 

The  analysed  performance  (Fig.  10)  shows  a  like  change  of  about  0.2  db 
from  band-center  (6,1  db)  to  band-edges  (5.9  db). 

Example  V-I—Dexlgn  of  a  0-db  Coupler.  Design  a  thirteen-branch  0-db 
coupler  making  use  of  the  five-branch  coupler  (n  •  4)  of  the  previous  ex¬ 
ample.  What  maximum  insertion  loss  would  one  expect  over  a  49-percent 
fractional  bandwidth? 

The  0-db  coupler  can  be  put  together  froa  three  6-db  couplers,  a* 
follows  from  Appendix  It.  By  merging  the  end  branches  of  adjacent  couplers, 
two  branches  can  be  eliminated,  and  the  0-db  coupler  has  thus  thirteen 
brooches.  Its  itrnni ttances,  based  on  Eq.  (14),  are  as  follows: 


fMi  w«i  **t  t<  t«t«nl  n;Iy  •■••?!•«  «ark»4  Mt  quickly  m  tki  ckirti.  VUk  a  little  Mtt  tin,  tin* 
accuracy  it  iknt  !  ycrctit,  C«*f« ra  CiiayU  V*4. 
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FIG.  18  PERFORMANCE  OF  FIVE-BRANCH  {n  -  4)  COUPLER  OF  EXAMPLE  IV-1 
(Llnoi  of*  Computed;  point*  or*  m*«iur*d  *n  *ip*rlm*nt*l  m*d*lt  iK**>n  In 
Ftp..  27.  26,  *nd  29) 
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OKCflVITY 


*11  - 

*4  *  Ki  r 


0.070 


H}  •  Hu  •  0.450 
«.  •<  0.  HO 


0.274 


The  coupler  of  Exempli;  V-l  varied  in  coupling  from  6.1  db  et  bend- 
center  to  S.5  db  over  a  40-pereent  frnctionnl  bandwidth  (Xg*At  ^Tom 
to  1.2),  an  can  be  neen  from  Fig.  18.  To  work  out  the  greatnat  deviation 
from  0  db  of  the  new  coupler  we  nee  f»»m  Appendix  M  that  S.S  db  corre¬ 
sponds  to  a  phase  nhift  0  in  either  the  even  or  the  odd  mode  of 


0  •  i  arc  nin 


in  anti  log 


«  i,12°  4' 


For  the  three,  coupler*  in  cascade  the  combined  phase  shift  in  either  mode 
will  be  approximately  30  ■  i?S®  12',  which  corresponds  to  a  coupling  of 


“20  log.,  (sin  96”  12')  »  0.05  db 


This  represent*  the  maximum  insertion  loss,  since  the  deviation  from  0  db 
at  band-center  is  even  less.  The  performance  of  this  coupler  is  shown  in 
Figs.  19  and  20,  together  with  the  experimental  results  in  waveguide,  which 
will  be  described  later.  It  is  seen  that  the  insertion  loss  upon  analysis 
is  indeed  better  than  0.05  db  over  a  40-perccnt  fractional  bandwidth,  (The 
experimentally  measured  points  also  agree  very  closely.) 

Example  F-J—d  Coupler  with  J\/4  Branches,  It  is  required  to  lengthen 
the  branches  of  the  coupler  in  Example  V-2  from  one-quarter  wavelength  to 
three-quarters  wavelength.  The  spacing  between  branches  is  to  be  kept 
one-quarter  wavelength.  It  is  to  be  determined  how  this  affects  the  per¬ 
formance. 

There  is  no  way  to  predict  accurntcly  the  reduction  in  bandwidth  to 
be  expected.  If  both  the  branch  lengths  and  their  spacing*  were  tripled 


.11 


FIG.  .9  INSERTION  LOSS  Pj  (db)  AND  VSWR  OF  O-Jb  COUPLER  OF  EXAMPLE  V*2 
(Lld*«  mi  pint*  mi  mhimN  mi  •xpwimMtal  «mj|  »b«wn  In 

Flfi.  30  onJ  31) 
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FIG.  20  DIRECTIVITY  D  AND  IN-LINE  COUPLING  P,  OF  O-db  COUPLER  OF  EXAMPLE  V-2 
(Lino*  oro  cemputod;  point*  oro  mooiurod  on  oxporimontol  mod.l,  FI®*.  30  ond  31) 
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together,  the  resulting  bandwidth  would  b«  reduced  to  one-third,  without 
otherwiac  affecting  VS1R,  coupling,  etc.  Since  the  branchca  are  to  be 
lengthened  but  not  their  apacinga,  we  aiight  expuct  a  leaner  reduction 
in  bandwidth.  Thin  ia  borne  out  by  the  analyaia.  The  VSWH  and  inaertinn 
loaa  of  thia  coupler  are  plotted  in  Pig,  21.  The  iaaertion- loan  band* 
width  in  reduced  down  to  ataioal  one-third  of  the  original  bandwidth 
(compare  Kiga,  19  and  21),  but  the  VS1H  bandwidth  ia  laaa  affected,  and 
ia  reduced  to  only  about  one-half. 

F.ump ( c  V'-a — A  Thn*-llr*nch  Coupler.  Conaidar  a  branch-guide  eon* 
pier  baaed  on  the  following  quarter-wave  traaaforner  prototype  parameters 

n  «  2 

If  ■  5.0 

»  0.8 


FIG.  21  COMPUTED  PERFORMANCE  OF  0-db  COUPLER  WITH  BRANCHES  3\/4 
LONG  (Em-.  |e  V-3) 
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Predict  the  coupler'*  maximum  VSWH  and  mini  mu*  directivity  over  ita  pass 
band,  and  find  it*  fractional  bandwidth.  Predict  the  maximum  and  minimum 
value*  of  the  t*o  coupling*  P,  and  P,  over  the  p**«  band.  Finally,  cal¬ 
culate  the  immittancea  A‘<t  //(  and  Hi  of  thia  coupler. 

The  maximum  pass-band  VSWH  l'*t<  of  a  quarter-wave  tran»former  having 
n  »  2,  H  »  5,  *  «  0.80  i»,  by  Hef,  12,  equal  to  1.45.  Therefore,  the 
maximum  VSWH  (V,,,)  of  the  coupler  over  it*  pa**  band  ia,  according  to 
Kq.  (8c),  approximately  equal  to 

0.4S 

1  -  1.3  .  (»«> 

aince  H  «  5  correspond*  to  *  3.52  db  when  the  effect  of  miamateh  ia 
neglected.  Since  the  VSWH  ha*  a  maximum  at  band-center,  becauae  h  ia 
even,  and  thin  i*  equal  to  1.45  for  the  prototype  tran*former  (corre¬ 
sponding  to  a  loan  by  reflection  of  0.15  db),  the  coupling  ia,  by 
Kq.  (lib),  equal  to  3.57  db. 

Similarly  from  Kq.  (9c),  the  directivity  would  be  expected  to  be 
betl-r  than 

-  5- 

-20  log, #  -3.5  •  12.5  db  (19) 

over  the  pass  band,  where  ha*  been  set  equal  to  3  db  for  the  moment. 

A  more  accurate  estimate  of  /',  can  now  be  made  by  balancing  the  input 
mid  output  powers; 

Coupled  power  (corresp.  to  3.67  db)  *  0.430 

Hcflected  power  (corresp.  to  VSWH  •  1,3)  ■  0.017 

Power  in  directivity  arm  ■  0.025 

(corresp.  to  12,5  +  3.6  *  16.1  db)  _ 

Total  lo  far  ■  0.472 

Hence  the  fraction  of  power  out  of  the  "in-line"  arm  ia  0,520  (corre¬ 
sponding  to  /'j  equal  to  2.77  db).  When  thia  ia  aubatituted  into  Kq.  (9c), 
then  instead  of  Kq.  (19)  we  obtain  13.6  db  for  the  directivity.  Making 
a  new  more  accurate  balance-sheet  for  the  powers  then  gives 

P,  -  2.7  db  .  (20) 
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TK*  coupler  fractional  bandwidth,  *4,  predicted  from  Fig.  1.1  i*  0.80/1  ■ 
0.80  x  0.54  «  0.4.1. 

II* in*  K i k .  1$  »*  *  guide,  we  would  expfcct  Pj  lo  change  by  about. 

0.ti7  db  from  3.67  to  about  1.0  db,  and  P,  by  about  1.1  db  from  2.7  to 
3.8  db  over  the  41-pftreent  baud. 

Thu  immittance  parameter*  of  thia  coupler  ware  obtained  by  chart. 
(They  can  alao  be  read  from  the  table*  in  Appendix  I.  and  the*:  iauait- 
taneca  are  aho*n  in  parentheaea;  they  were  not  used  in  the  aubaequent 
analyaia. ) 

A',  -  1.0 

A' |  •  1.29  (1.2798) 

Ht  -  0.50  (0.4919) 

Hf  -  0.812  (0.8049) 

Her*  the.  parameter*  obtained  by  chart  and  by  computer  agree  to  within 
one  percent  on  the  average. 

Thia  coupler  (deaigned  by  chart)  waa  analyzed,  and  ita  performance 
in  plotted  in  Fig,  22.  tit*  reaponae  ia  symmetrical  about  •  1.0, 

aa  uaual.)  Ita  analyzed  and  predicted  performance  agree  cloaaly.  Over 
the  43>pcrcent  bandwidth,  the  maximum  VSVR  ia  1.29  (the  predicted  VSWfl 
waa  1.3);  Ita  minimum  directivity  ia  13.4  db  (13.6  db  waa  predicted); 
the  coupling  /*,  change*  f'/om  3.65  to  2.7  db  (3.67  to  3.0  db  waa  predicted) 
and  P,  change*  from  2,7  lo  3.4  db  (2.7  to  3,8  db  waa  predicted). 
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VI  PtniOOIC  AND  SYNCinONOtS  COUP1JEJIS 


II*. cd*  tin*  analysed  a  clan*  of  branch-guide  coupler*  in  which  the 
asir.  1  ir.fl  Upedsnce*  *r«  constant  and  equal  to  the  input  and  output  line 
impedances,  and  in  which  all  tke  interna),  branckea  have  tk*  aaiae  impedance. 
These  couplers  will  kerein  be  referred  to  as  "periodic  coupler*.’*  They 
do  not  hare  a  clearly  defined  pa**  band,  over  which  tke  performance  ia 
optimised  in  some  sense.  Heed  ha*  given  numerous  curves  for  O-db  couplers 
ard  soaic  for  other  coupling  ratios,  which  may  be  used  as  a  guide  in  some 
coses. 

Coupler*  whose  design  ia  based  on  «  qusrter-wsve  transformer  proto¬ 
type  »re  referred  to  os  synchronous  couplers  (Section  1!).  Tke  purtornane* 
oX  periodic  and  synchronous  couplrrs  will  her*  be  illustrated  by  examples. 
It  may  bn  stated  as  a  rough  guide  that  to  achieve  the  same  performance 
over  a  specified  bandwidth,  a  periodic  coupler  requires  about  twice  as 
mnny  branches  a*  n  synchronous  coupler. 

Somc  suggestion*  to  improve  the  performnr.ee  of  periodic  coupler*  srn 
*1  so  muno,  »nd  illustistrd  by  exnmpice. 

Kxani 't  VT*1—  Comparison  of  Somt  O-ilb  Couplers,  Figures  2.1  and  24 
show  ?hu  V.SWH-ogsinst- frequency  and  coupl ing-sgainst- frequency  chsrscter- 
isi.icu  of  four  O-db  couplers.  Two  of  them  are  synchronously  derived  cou¬ 
plers,  and  t*o  ure  periodic  couplers. 

Curve  A  for  the  thirteen-branch  O-db  coupler  of  Example  V-2,  except 
that  the  nfiiei  imminences  K(  and  II  f  from  the  tables  were  used,  (it  it 
again  baaed  on  three  6*db  couplers  with  n  ■  4,  ■  0.40,  R  *  3,  The  im- 

sHUiK-os  thin  tine  come  from  the  numbers  shown  in  parentheses  in  Kq.  (14), 
*hffea»  prerift’ifily  Kq.  (15)  of  Example  V-2  »"*  derived  from  the  number* 
rtbtosaed  <>v  chart  s  *  shown  without  parentheses  in  Kq.  (14).) 

Curve  8  kv  for  * similnr  thirteen-branch  O-db  coupler,  differing  from 
the  previous  one  only  in  that  it  is  based  on  a  prototype  transformer 
having  r  *  0.80  (instead  of  0.40).  Curve  C  is  need’s1'  periodic  coupler 
with  thirteen  branches.  Curve  I)  is  Heed’s4  periodic  coupler  with  twelve 
branches. 
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FIG.  24  INSERTION  LOSS  CHARACTERISTICS  OF  FOUR  0*dk  COUPLERS 
(Coupler*  A  end  B  or*  lynchreneutly  derived,  end  Coupler*  C  end 
0  or#  periodic  «•  In  Eoootplo  VM) 


40 


It  ia  evident  that  Coupler  C  is  inferior  to  the  other  three.  Thin 
in  typical  of  periodic  coupler*  with  an  odd  number  of  branchea,  »nd  ia 
due  to  the  lack  of  matching  end*br*nche».  (Periodic  couplers  with  an 
odd  number  of  branches  have  all  branch  immittances  the  same,  including 
the  end  branches. ) 

Coupler  1)  in  only  aligbtly  inferior  to  Coupler  A  aa  regarda  coupling 
Pj,  but  distinctly  inferior  aa  regarda  VSiH.  Coupler  B  is  similar  to 
Coupler  A,  except  that  ita  peak  V8*B  at  center  frequency  ia  higher,  and 
it  haa  a  greeter  bandwidth. 

The  V.SflU  of  the  two  periodic  couplers,  Coupler*  C  and  I),  exhibi,* 
ripple*  of  increasing  amplitude  aa  the  frequetti/  deviation  from  band* 
cintdr  increaaea.  There  ia  no  reflection  at  band-center,  and  there  are 
teroa  of  reflection  whenever  the  separation  between  end-brancl.ea  increaaea 
or  decreases  by  approximately  one-half  guide  wavelength  (pig.  23).  The 
couplinga  of  the  periodic  couplers  also  exhibit  aimilar  periodic  ripples 
(Pig.  24). 

The  V.Stll  ami  coupling  of  the  two  synchronously  derived  couplers, 
Couplers  A  and  II,  tend  to  remain  constant  in  a  fairly  well  defined  paaa 
band,  outside  which  the  curves  rise  steadily. 

Since  periodic  couplera  with  an  even  number  of  branchea  are  better 
than  those  with  an  odd  number  of  branchea,  five  couplera  having  £,  ft, 

10,  12,  and  14  branches  were  analyzed.  Their  performance  waa  compared 
with  three  7-branch,  0*db  couplers,  which  were  " synchronously  derived." 
This  mer.ns  that  each  7-branch  hand-pass  coupler  waa  baaed  on  two  identical, 
synchronous,  4-branch  couplers  (with  ft  *  5.5)  placed  in  cascade,  the.  two 
end-branches  being  merged.  Three  such  couplers  were  designed  and  ana¬ 
lyzed,  and  each  was  made  optimum  over  a  different  bandwidth:  they  will 
bo  referred  to  as  Case  I,  Case  U,  and  Case  III.  They  correspond  to 
values  of  the  prototype  fractional  bandwidth  of  0,40,  0.60,  and  0.80, 
respectively.  Their  immittances  esn  be  obtained  readily  from  the  tables 
in  Appendix  !.  and  are  as  shown  in  Table  II, 

Instead  of  plotting  all  of  the  curves  for  the  five  periodic  couplers 
and  the  three  synchronously  derived  couplers,  the  principal  results  are 
summarized  in  Tables  111  and  IV. 
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TAM.K  11 


IMM1TTANCK.S  Of  THREE  SYNCHRONOUSLY  DERIVE0  0*<'b  COUPLERS 


llOtlTTANCU 

case  1 

CASE  11 

CAM  lit 

*.  *  *7 

1.0 

1.0 

1.0 

*1  “  *1  *  *4  ‘  h 

1,1563 

1.1715 

1.1951 

Ki  “ 

1.3852 

1.3852 

1.3152 

*8  -  Ht 

0. 1957 

0.2192 

0.2580 

»l  -  *1  ‘  "4  " 

mmm 

O.tWJ 

O 

I 

0.51(0 

TABU  til 


MAXIMUM  V3W  Of  SEVERAL  O-db  COUPLERS  OVER  STATED  BAN  WIDTHS 


PERIODIC  COUPLERS 

seven-muhcn 

(parcaal ) 

sit* 

Ei(bt> 

braacb 

Taa* 

braacb 

Tail?*. 

braacb 

Paarlaa... 

braacb 

synchronously 

DERIVE!)  COUPLERS 

16 

mo 

1.06 

1.04 

1.03 

1.02 

Caat  I 

1.02 

28 

1.19 

1.09 

1.05 

1.03 

1.02 

Uia  II 

1.02 

48 

1.21 

1.10 

1.12 

1.09 

1.05 

Caa.  III 

1.10 

TAIII.E  IV 

MAXIMIM  INSERTION  I.OSS  (db)  Of  SEVERAL 
0-db  COUPLERS  OVER  STATED  BANDUimiS 


RAROHIITH 
(parcaal ) 

PERIODIC  COUPLERS 

SEVER* RRARCH 
SVRCHRONOUSLY 
DERIVED  COUPLERS 

sii* 

kriicii 

Eigkt- 

km»ckt 

T«i» 

If  Vane  W 

Tttlu* 

WrtRek 

Fa»rl*aa* 

braacb 

16 

0.02 

0.01 

0.006 

0.004 

0.003 

Cate  I  0.008 

28 

0.11 

0.04 

0.02 

0.013 

0.011 

Caae  II  0.009 

48 

0.33 

0.22 

0.19 

0.15 

0.113 

Ca.e  III  0.15 

42 


On  each  line  the  periodic  coupler  »ho*e  performance  i*  nearest  to 
that  of  the  nynchronou*ly-dcrived  coupler  «t  the  end  of  the  line,  in 
underlined,  It  **  neen  that  roughly  twice  an  Many  branchen  are  genc“* 
ally  required  in  the  periodic  coupler  to  obtain  about  the  name  performance. 
However,  the  *ynehronou*ly-d«ri ved  coupler  design  haa  to  be  ndjuated  for 
each  bandwidth,  an  in  n  quarter-wave  transformer  or  bandpaaa  filter. 

F.xmmplt  VI-2— Comparison  of  Some 
3-db  Covpltrs.  Periodic  coupler*  of 
4,  S,  6,  and  8  branchen4  were  ana¬ 
lysed,  an  were  three  synchronous 
3-dlt  coupler*  of  four  branchen  each; 
the  synchronous  coupler*  were  thoxe 
used  to  wake  up  the  0-dh  coupler* 
for  Cane*  I - 1 1 1  in  Kxsmple  VI-1, 
thting  the  name  designation*  for  the 
3-db  coupler*,  their  iniMittan.ee*  are 
given  in  Table  V.  (Compare  Table  II.) 

All  of  thcae  coupler*  are  derived  from  quarter-wave  tranaformer 
prototype*  with  n  •  3,  B  *  5.5;  their  fractional  bandwidth*,  w^,  are 
equal  to  0.40  for  Cane  I,  0.60  for  Case  II,  and  0.80  for  Case  III.  The 
performance*  are  aummarixed  in  Table*  VI  and  VII,  Table  VI  give*  the 
maximui.  V8WH  over  the  bandwidth*  uxed  in  Kxsmple  VI-1.  Denote  the  maxi¬ 
mum  change  in  /’,  over  any  xpecified  bandwidth  by  AP,,  and  the  maximum 
change  in  by  tSP^.  To  indicate  the  variation  in  coupling  in  a  aingle 

.short  table,  the  quantity  f  | AP j  |  +  |A/’j  |  3  is  shown  in  Table  VII, 

and  referred  to  a*  the  "coupling  unbalance. " 


TABLE  V 

imnittances  or  turise  synchiwnoos 
j.ju  cowiww 


nwtmsas 

cm  i 

cm  It 

our.  II, 

a;  •  a, 

1.0 

.0 

1.0 

A,  -  A, 

1.1S43 

1.171$ 

l.MSl 

1,3152 

1.31 $2 

1.3*52 

*o  ■  ", 

0. 1957 

0.2192 

0.2510 

0.761* 

0.7312 

0.4JJ5 

TAIILK  VI 


MAXI MUX  VS*H  OK  SKVF.RAb  3-db  COUPLERS  OVER  STATED  BANWIDTHS 


BANRtIDTX 

(fircaul) 

PKKIOOIC  COUfUBS 

rOOR-BBAKCX 

swexaonoos  coorttid 

r#ir* 

knacli 

n?t* 

krtitek 

Si.* 

truck 

Eif ki» 

knack 

16 

1.02 

I. os 

1.02 

1.01 

Cate  I 

1.01 

28 

1.08 

1.10 

1.05 

1,04 

Cat*  11 

1.02 

48 

1,32 

1.12 

1,15 

1,07 

Cate  III 

1.07 
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table  vn 


COUPLING  UNBALANCE  (4h)  OF  SEVERAL  3-4k  OOUP1.EIW 
OVER  STATED  SANWltJTHS 


SIMM  IPTS 
tflllHl) 

nmooic  courtcss 

row-MAsat 
sYncsMooet  cowubs 

r«wr» 

fcfftktli 

Vr*i«  1, 

Sis; 

truit 

lllif 

trmt 

14 

0,20 

o.u 

0.14 

O.U 

C*.«  I 

O.U 

21 

0.47 

C.S1 

0.40 

0.43 

Cm  11 

0.S7 
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2.2 

1.6 

1.5 

1.4 

c»' m 

\.9 

The  four-branch  synchronous  coupler  for  each  bandwidth  haa  a  VSWR  aa 

goad  aa,  or  better  than,  an  eight-branch  periodic  coupler.  The  four- 

branch  aynchronoua  coupler  ia  alwaya  better  in  term*  of  variation  in  cou¬ 
pling  than  the  four-branch  periodic  coupler,  but  not  aa  good  aa  the 
aix-brench  periodic  coupler. 

Example  VI-3— Improved  Periodic  Coupler a.  The  periodic  coupler 
designs  giv.en  by  Reed4  enaure  a  perfect  natch  at  center  frequency,  and 
alao  eraure  the  apecified  coupling  there.  It  can  be  aeen  fro*  Fig.  16 

that  if,  for  inatance,  the  coupling  Pt  is  to  vary  as  little  as  possible 

from  none  apecified  value  over  any  non-aero  bandwidth,  then  the  coupling 
P,  at  ce* ter  frequency  should  generally  be  weaker,  since  P,  becomes 
stronger  as  the  frequency  deviates  froai  center. 

Consider  for  inatance  the  periodic  0-db  coupler  of  eight  branches.4 
By  reducing  the  coupling,  which  means  decreasing  the  branch  immictanccs, 
the  bandwidth  for  any  specified  coupling  tolerance  can  be  increased.  All 
of  the  branch  immittances  of  this  coupler  were  reduced  by  4  percent.  The 
VSWH  and  the  insertion  loss  (coupling  Pj)  of  both  the  original  and  the 
modified  couplers  are  plotted  in  Fig.  25.  The  improvement  in  VSWH  ie 
only  slight,  as  expected.  The  bandwidth  between  the  0.1-db  insertion 
loss  points  is  increased  from  42  percent  to  49  percent;  between  the  O.OSdb 
points  the  increase  in  bandwidth  is  from  32  percent  to  45  percent.  (The 
curves  in  Fig.  25  are  again  symmetrical  about  the  ^|*A|  axis;  hence,  only 
one-half  of  each  curve  is  shown.) 
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VII  EXPERIMENTAL  RESULTS 


A.  THK  6-db  COUPLER 

1.  COMTHUCT  (OR 


The  6-db  coupler  of  Eiupli  V- 1  ««a  conatructad  in  3-buL  Thia 
couplor  baa  five  branchea.  Siaca  waveguide  T-juactioaa  ara  aariaa  juuc- 
tiona,  tka  immittearua  K(  and  H(  ara  impedancaa;  kowaver,  ainc*  waveguide 
T-junctioaa  ara  not  parfact  aariaa  junction*,  they  can  fca  re^rraentad  by 
an  equivalent  circuit1’  auck  aa  is  akoun  in  Fig.  26.  (Tkia  ia  tka  a  ana 


circuit  aa  Fig.  6.1*2  on  p.  331  of  Ref,  1?.)  At  any  T-junction  of  tka 
coupler,  X{_j  and  K(  ara  generally  not  equal,  altkougk  tkay  differ  only 
aligktly,  ao  tkat  A'^  in  Fig,  26(a)  waa  act  equal  to  tkair  arithmetic 
mean  (A(.t  +  A^/2.  Simi¬ 
larly  tka  waveguide  kaigkt 


auhatitutad  into  tka  grapka 
of  Raf.  17  to  obtain  tka 
T-junction  propcrtiaa  waa 
*•»  ’  *  fcj)/2  and  tka 

junction  uaa  treated  aa  if 
it  were  aymmatrical  [aae 
Fig.  26(b)]. 


Tke  vsreguide  keigkta 
(their  b-dimenaiona)  were 
firat  taken  aa  proportional 
to  tke  respective  K  or  H 
valuea  (Cq.  (14)];  they  ware 
fined  by  tke  b-dimenaiona 
of  tke  lour  porta,  which 
were  pnr.h  equal  to  b0  * 
1.420  inch**.  Thin  deter¬ 
mined  ike  h -dimension::  in 
the  through -put  don  without 
further  adjustments,  hill 
the  6-dimeu.sion.«  of  the 


FIG.  26  EQUIVALENT  CIRCUITS  OF  T-JUNCTIONS 
(o)  Symmetrical  Junction,  efter  Mercovitr, 
(b)  Untynwnetrlcel  Junction 
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branch  guide*  have  to  be  further  increased  to  alio*  for  the  transformer 
factor  n1.  This  factor  was  found  from  Table  6.1*10  on  p.  346  in  Ref.  17. 
and  the  branch  6-dimcn*ion*  were  increased  by  a  factor  1/fl*.  Since  this 
changed  the  junction  dimension*,  the  <|uanlity  n*  had  to  be  worked  out 
again, 17  and  more  times  if  necessary  (usually  this  ia  not  necessary)  until 
each  product  of  n*  and  the  branch  guide  fa-dimension  was  proportional  to 
the  appropriate  impedance  //.  Finally  the  reference  plane  positions,  «f 
and  if',  of  each  junction  were  determined17  (Fig.  26). 

Since  an  /.-hand  coupler  in  Wlt-650  waveguide  was  later  to  he  scaled 
from  this  5-band  model,  it  was  designed  with  output  ports  in  2,840-itteh 
by  1.420-inch  waveguide,  to  preserve  the  same  two-tn-nhe  aspect  ratio  of 
WH-6S0  (6.5Q0  inches  by  3. 250  inches).  Since  standard  S-band  waveguide 
is  WH-28*,  which  is  2.840  inches  by  1.340  inches,  a  two  section  trans¬ 
former  from  1.420-inch  to  1.340-inch  waveguide  was  placed  at  each  port 
so  that,  all  the  usual  5-band  test  equipment  (slotted  line,  etc.)  could 
be  used,  The  wide  dimension  (the  so-called  e-dimcnsion)  of  all  wave¬ 
guides,  both  inside  and  outside  the  coupler,  was  made  2.840  inches.  The 
/.-band  center  frequency  of  1300  Me  then  scaled  to  2975  Me  at  S-band,  and 
the  guide  wavelength  at  center  frequency  reduced  from  12.68  inches  to 
5.54  inches. 

The  dimensions  of  this  coupler  were  calculated,  using  the  impedances 
of  Kq.  ( 1 4 ) ,  c.nd  the  T-junction  equivalent  circuits  in  Ref.  17.  (The 
scries  reactances  were  included  in  several  of  the  earlier  computations 
analysing  the  coupler  performance.  Their  presence  was  found  to  affect 
the  performance  only  slightly,  and  has  been  ignored  in  all  later  compu¬ 
tations.  ) 

The  coupler  A/-pl*ne  cross-section  might  be  expected  to  require 
stepped  top  nud  bottom  walls  (Fig.  1)  to  obtain  the  changes  in  impedance 
ft,  called  for  in  Kq.  (14).  However,  the  reference  planes  (TJ  in  Fig.  26) 
move  in  such  n  manner  that  the  branches  have  to  be  shortened  more  where 
the  impedances  A  ore  larger,  with  the  result  that  the  top  and  bottom 
walls  (Fig.  1)  come  out  almost  straight.  In  order  to  obtain  straight 
top  and  bottom  whIIs  as  shown  in  Fig.  1,  and  yet  maintain  the  correct 
impedances  A',,  branch  lengths  some  of  which  differed  slightly  from  the 
lengths  calculated  theoretically  have  to  be  accepted. 
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FIG.  27  DIMENSIONS  OF  FIRST  S-BAND  4-db  COUPLER 
BASEn  ON  EXAMPLE  V-1 


The  dimensions  ho  calculated  ore  shown  in  Fin.  27.  The  coupler  was 
constructed  in  two  halves  n m  shown  ill  Fig.  28.  Three  jig-pletes  of 
aluminum  were  used  to  make  n  U-shaped  channel,  in  which  six  alumnus 
blocks  were  placed  and  hotted  down  to  for*  thn  waveguide  channels.  The 
cud  blocks  contain  the  trails  formers  from  the  waveguide  height  of 
1,120  inches  to  1,310  inches.  The  depth  of  all  the  channels  is  half 
of  2.810  inches,  or  1.120  inches.  The  two  pieces  shown  in  Fig.  28  were 
finally  super  imposed  nnd  bolted  together  to  form  the  6*db  coupler. 

The  measured  performwnce  of  the  completed  coupler  is  shown  by  the 
light  points  in  Fig.  18,  which  go  with  the  frequency  scale  (A)  near  the 
bottom  of  Fig.  1R.  Clotted  on  n  (\  #A,)  scale,  the  points  fit  the  com¬ 
puted  curves  very  closely;  however,  the  center  frequency  is  3125  Me 
instead  of  the  design  value  of  2975  Me.  This  discrepancy  is  thought  to 
result  from  the  relatively  Inrge  h-diwensions  which,  for  instance,  make 
the  length  ol  an  outline  edge  on  the  two  center  squares  in  Fig.  27  only 
shout  one- seventh  wavelength.  Thus  higher-order  modes  could  he  set  up, 
giving  rise  i.o  interaction  effects  at  such  close  spacings.  If  this 
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FIG,  28  EXPLODED  VIEW  OF  6-db  EXPERIMENTAL  COUPLER 
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explanation  ia  correct,  then  lower  waveguide  height*  (smaller  b-dimanaiona) 
would  reault  in  better  deaign  accuracy.  However,  thia  waa  not  attempted 
aince  the  coupler  «ae  to  be  uaed  at  high  power*  where  large  waveguide 
height*  are  an  advantage. 

Ail  branch  length*  and  apacinga,  nominally  one-quarter  wavelength, 
were  then  scaled  in  the  ratio  of  the  guide  wavelength*  to  reduce  the 
center  frequency  from  3125  to  2975  Me,  and  the  coupler  waa  teamed  hgain. 

Ita  center  frequency  moved 
down  a*  exported,  but  the 
coupling  the-1*  became 
atronger,  going  from  6.1 
to  5,8  db.  Since  the 
coupling  become*  atronger 
atill  at  off-center  fre- 
quenciea,  it  waa  decided 
to  reduce  the  branch 
height!  to  weaken  the 
coupling  by  0.5  db  at 
center  frequency,  chang¬ 
ing  the  5.8  db  to  6.3  db 
coupling.  The  nc*  dimen- 
aiona  calculated  are 
ahown  in  Pig.  29.  The 
meaaured  reault*  are 
ahown  by  the  black  point* 
in  Fig.  18,  which  go  with  the  frequency  scale  (0)  st  the  bottom  of  Fig.  19, 
It  ia  aeen  that  thia  coupler  give*  the  deaired  center  frequency  and  ita 
parformanr*  cln*»ly  follows  the  computed  curve*. 

All  edge*  orthogonal  to  the  electric  field  of  the  TE,|  mode  were  then 
rounded  off  to  increase  the  po»«r  handling  capacity.  The  edge*  of  the 
eight  rectangular  block*  were  rounded  to  a  radiu*  of  one-eighth  inch;  the 
edge*  of  the  four  outside  block*,  on  the  faces  defining  the  outside  edge* 
of  the  narrowest  branches,  were  rounded  to  •  radiu*  of  one-sixteenth  inch 
These  radii  were  estimated  to  reduce  the  field  strength  at  the  edges  to 
leas  than  double  the  field  strength  in  the  waveguide*.  ’*  Any  further 
rounding  would  have  helped  very  little.  The  performance  of  the  coupler 
with  rounded  edges  was  measured,  and  found  to  reproduce  the  performance 
shown  in  Fig.  18  to  within  experimental  accuracy.  The  rounding  did  not 
introduce  any  noticeable  change  in  the  coupler  response. 


FIG.  29  DIMENSIONS  OF  S-BAND  d-db  COUPLER 
AFTER  MODIFICATIONS 
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2.  Pottn-IUKOLIXC  CUACITlf 


The  power-handling  capacity  on  -it  astir, «ted  a*  Folio**.  The  coupler 
may  he  treated  as  a  filter,  where  the  " squiva lent  power  ratio*'  of  ttef.  1& 
is  equal  to  ike  internal  VSWR  for  a  matched  coupler  (or  almost  an  for  a 
nearly  watched  coupler].  Thr  kigheat  interne*  V3WR  of  the  prototype 
transformer 13  i*  L.22  In  this  case.  This  VSW  occur*  in  the  second  sec¬ 
tion  where  the  waveguide  height  ia 

1.J2T  *  1.420  .  .. 

— T^5 —  *  1-1’ 

times  the  waveguide  height  of  WR-284.  If  we  allow  a  weakening  factor  of 
2.S  (in  power)  for  the  rounded  edgea  (estimated  f row  Raf.  11),  this  leada 
ua  to  expect  a  power-handling  capacity  of  approximately 


1.22  x  2.5 


tiara  the  power-handling  capacity  of  Wit-284,  or  roughly  1.0  aegawatt  in 
air  t.t  ntaoapheric  pressure.  (It  ia  aaouaed  that  breakdown  will  not 
occur  first  inside  the  branches.) 

The  coupler  was  tested  at  high  power  uaing  a  3. B-aicroacCond  pulae 
at  00  ppa,  at  a  frequency  of  2857  Me.  With  air  at  ataioapheric  prcaaure, 
n«  arcing  waa  observed  up  to  at  leaat  1  aegawatt  peak  power.  When  the 
power  was  turned  up  to  2  aegawatta,  there  was  aoae  arcing,  but  thin  ap¬ 
peared  to  be  caused  by  a  waveguide  bend. 


II.  TUB  0*db  C0wTLF.il 

1.  ConsTsucTion 

The  0-db  coupler  is  constructed  following  the  procedure  of  Kxaapl e  V-2. 
It  is  based  on  the  6-db  experiaental  coupler  juat  described,  but  acaied 
from  S-band  to  /.-band,  with  the  ratio  of  the  two  guide  warelengtha  at 
Center  frequency  aa  the  scaling  factor.  The  ratio  of  the  guide  wave¬ 
lengths  was  made  equal  to  the  ratio  of  the  a-dimenaions  of  WR-650  and 
Wit- 284. 

The  coupler  was  constructed  of  aluminum  j ig-plste  in  the  fashion 
described  for  the  6-db  coupler.  The  over-all  length  waa  cl ose  to  four  feet, 


51 


Mu  that  it  •»*  made  in 
two  flanged  lection*, 
which  bolted  together, 
the  dimenaiona  of  one* 

Half  the  coupler  are  given 
in  Fig.  30.  A  photograph 
of  the  entire  coupler  ia 
shown  in  Fig.  31. 

The  measured  per¬ 
formance  of  thi*  coupler 
ia  shown  in  Fig*.  19  and 
30,  and  it  ia  found  to 
agree  very  cloaely  with 
ih*  computed  curve*. 

2.  I'QItK-lUXDUXG 
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FIG.  30  DIMENSIONS  OF  Odb  COUPLER 
(Only  hell  the  coupler  It  the**) 


The  edge*  perpendicular  to  the  electric  field  were  rounded  to  a 
If* inch  radius,  except  for  an  Vt-inch  radius  on  the  end  blocks,  to  increase 
the  power-handling  capacity.  (Compare  the  6-db  coupler.)  This  ■**  found 
to  have  no  measurable  effect  on  the  performance.  Using  the  estimate  for 
the  6-db  coupler,  the  power-handling  capacity  should  be  about  (6.5/2.84)* * 
1.0  megawatt,  or  5.2  megawatts  in  air  at  atmospheric  presaure. 

Iligh-power  teats  were  made  using  the  Eimac  X832  experimental  Klystron 
amplifier,  which  operates  at  L-baud  and  supplies  2-microsecond  pulses  at 
60  pps.  A  cobalt-60  radioactive  source  was  placed  under  the  coupler*  to 
insure  that  the  air  was  ioniied  at  points  most  susceptible  to  breakdown. 
The  branch-guide  coupler  was  filled  with  sir  at  atmospheric  pressure.  It 
did  not  break  down  at  the  peak  power  available,  which  was  5.1  megawatts. 
The  VSWH  of  the  water-load  at  the  output  of  the  coupler  was  1.3,  but  as 
no  phase  shifter  was  available,  it  is  not  known  how  much  it  helped  or 
hurt  the  power  handling  capacity.  However,  it  is  probably  safe  to  say 
that  this  coupler  would  handle  at  least  5  megawatt*  of  peak  power  in  air 
at  atmospheric  pressure  with  a  matched  termination. 


Tl«  cirr-iit  u«t#4  hi  tin  U#  hhii  of  tli*  0-41  (Mflift  *rr«*f*4  u  In  3 -4k  cooplari  n  oiplai»o4  U 
ctoooettoo  «itk  Fi|s  36,  ntlir  tin  tl»  co«p|*r  fticrilif  »tm,  (feo  ]-4fc  cooflor  k«4  tVo  il*ti  »Un 
!o  tli  fbtifrifl  of  Fig.  36,  kit  tli*  oiktr  J-Jk  (iiflir  fitkoit  tup  iliti,  §•  4otcrUc3  oko*o, 

5Uc*  *«(k  )*6k  co«pl»r  fk*lf  •  0*4k  tovpltr)  KW  •  p**4  V5IR  ky  itnlf,  tUi  took  I*  ••Mitiillf  lV« 
hm  o*  tntii|  •  tMpliji  C-6k  ciiplir  *itk  or  «itU«t  iliti. 
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3.  Ansogrt jo!*  or  HteotK  Fsimnctt* 


The  purpose  of  the  0-db  coupler  *»•  to  eel  m  an  absorption  filter 
far  harmonic  and  other  spurious  fraquanciea  in  the  power  output  of.high- 
pn*er  mtcroware  twhr*.  It  ia  used  in  conjunction  with  a  rejection 
filler,  such  a*  a  waffle-iron  filter.  The  (Mb  coupler  ia  placed  be¬ 
tween  the  trananitter  and  the  rejection  filler  to  protect  the  tube  from 
the.  reflected  spurious  frequencies.  It  ia  not  aeceaaaril?  required  to 
provide  high  attenuation  at  the  apurioua  frequencies  (thta  ia  accompli  ak«>i 
by  the  rejection  filter),  but  to  provide  enough  attenuation  that  a  satis- 
factory  match  can  b«  presented  to  the  transmitter,  even  when  an  effective 
short-circuit  ia  placed  at  the  output  of  the  fl*db  coupler  at  the  apurioua 
frequencies. 
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FIC.  32  ARRANGEMENT  OF  Odb  COUPLER  AHO 

SPURIOUS-FREQUENCY  REJECTION  FILTER 


Figure  32  indicates  the 
reasoning  behind  thia  ar- 
rangeneni.  The  coupler  ia 
designed  as  a  cross-over 
(0*db)  rtiiiplrt*  »l  the 
fundnACiital  •  frequency  out¬ 
put.  At  higher  frequcocies, 
the  coupling  into  the 
branches  decrease*  (ns  in 
Fig.  6.1-10  on  |*.  346  of 

Hof.  17  decreases).  The  higher  frequencies  will  therefore  tend  to  lie 
•’beamed"  through  to  the  losd  instead  of  crossing  over,  thereby  becoming 
separated  from  the  fundamental  frequency  without  being  reflected.  Thia 
is,  oT  course,  only  a  qualitative  argument,  and  applies  best  to  the  TK, , 
anti  the  lower-order  modes.  For  instance,  ail  TK##  modes,  aa  they  ap¬ 
proach  cutoff,  will  pass  through  a  frequency  at  which  the  guide  wave¬ 
length  is  12. 6H  incites,  the  of  the  fundamental  band-center  in  the 
Tl-j  w  »«'!«* .  This  gives  rise  to  frequency  bands,  which  in  certain  modes 
will  suffer  no  attenuation  in  the  coupler.  This  was  confirmed  experi¬ 
mentally  for  the  Tlijj  mode  at  20R0  Me. 


It  was  also  found  in  the  TK)#  mode  around  2600  Me  that  the  coupling 
was  ns  strong  ns  1,5  db,  resulting  in  a  high  VS*1(  when  the  rejection 
filter  or  n  short  circuit  was  placed  at  the  output.  The  explanation  for 


a 

Till,  -irlict lob  ...»  t»  fca«a  l>>»  f  irat  iufMl.1  I,  VVfitMl  Prica.  arS  .-tl-.t-J 
t|  Ik.  aallar  at  a  lata,  Jala. 


54 


tkia  in  probably  th*t  at  tkia  frequancy  tbe  guide  wavelength  ia  aueh  tkat 
the  branch  length*  and  apecing*  ara  approximately  three-quartara  guide 
wavelength  long,  If  the  coupling*  and  reference  planca  had  remained 
conatant,  0-db  coupling  would  have  baan  obtained  at  thSa  frequency. 

Since  tkia  atrong  coupling  occur*  at  tka  aacond  harmonic  of  tka  cantar 
frequency,  which  might  ba  axpactad  to  ba  atrongly  praaent  in  tka  output 
fret*  a  high-power  tranaoittar,  it  waa  dacidad  to  raduca  tka  aecond-harartaic 
coupling  by  placing  ckokaa  in  all  tka  branckaa.  Tkia  would  prevent  tka 
aacond  harmonic  froai  ernaaing  over.  (A  atara  ganaral  aolution  would  ba  t* 
build  appropriate  filter*  in  Lko  branckaa.)  Tkaae  aecoad-harmoaic*.  cUU* 
ware  placed  in  tka  mid-plane  of  tka  branckaa,  and  tka  branch  impedancea 
ware  reduced  to  ronpanaata  for  tkeir  reaetancca  at  1300  Me.  Tka  calcula¬ 
tion  ia  given  in  Appendix  111.  Tka  diatenainna  arc  given  in  Fig,  .13,  and  a 
photograph  of  tka  coupler  ia  given  in  Fig.  .14.  Tka  measured  p*.»e-baad 
inaertion  loan  ia  platted  in  Fig.  3S;  tke  innertion  ioaa  ia  better  tkan 
0.1  dh  fro*  about  1 1  SO  t« 

13S0  Me.  Tke  pax*  band  kaa 
become  narrower  a*  a  result  of 
tke  choke*,  and  tke  canter 
frequency  kaa  araved  down. 

However,  aince  tke  performance 
over  tbe  band  1300  iSO  Me  wa* 
adequate,  no  experimental  ud- 
juatnent  wa*  *ade  to  raiae  tke 
center  frequency.  Tke  edge* 
of  tke  T-junctiona  at  the 
Op« ft  enda  of  the  chokes  acre 
then  rounded  to  a  radiua  of 
lA  inch  to  improve  the  power¬ 
handling  capacity. 

Tkia  coupler  preaented  a 
lo*  VSVH  to  the  aecond  hernonic 
in  the T£,t  node  with  or  without 

1  i*w«ic>  ccwaw  mi  y<*u  Mt  u*u 

FiG.  33  DIMENSIONS  OF  O  db  COUPLER  WITH 
SECOND-HARMONIC  CHOKES 

(Only  half  tka  coupler  Is  shawn) 
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a  ahort-circuit  at  tke  output. 
Further  improvement  in  the  TK( t 
mode  wan  obtained  with  the 
circuit  of  Fig.  36.  Thin  photo¬ 
graph  shown  the  two  halve*  of 
the  0-db  coupler  u*ed  a*  two 
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FIG.  34  EXPLODED  VIEW  OF  0-4b  COUPLER  WITH  SECOND-HARMONIC  CHOKES 
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F|G.  35  MEASURED  INSERTION  LOSS  OF  O  Jb  COUPLER  WITH  SECOND-HARMONIC  CHOKES 


FIG.  36  ARRANGEMENT  OF  TWO  3-db  COUPLERS  TO  SUPPRESS  SPURIOUS  FREQUENCIES 
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3-db  coupler*.  (Kach  3*db  coupler  i*  one-and-one-hal f  6*db  coupler*,  and 
h*d  *  VSKH  below  1,10.)  Kach  3*db  coupler  i*  connected  to  two  waveguide* 
that  taper  from  6.S00  inche*  by  3.250  inche*  waveguide  to  3.750  inche*  by 
3.250  inche*  waveguide  (Fig.  37).  Thi*  guide  i*  cut-off  in  the  fundn- 
aiental  pa**  band,  but  transmits  all  harmonic  frequencies  in  the  TKl#  and 
moat  other  mode*.  Such  an  arrangement  ha*  the  advantage  of  aimp  licity, 
hut  it  al«o  ha*  the  disadvantage  of  reflecting  some  important  frequencies 
in  certain  likely  mode*  fa*  for  instance  the  second  harmonic  in  the  TK)( 
mode).  It  should  be  possible  to  devise  something  better  for  this  purport 
th'n  a  tapered  waveguide,  which,  however,  »a*  retained  because  of  its 
simplicity. 

The  photograph  in  Fig.  35  *howa  both  3-dh  couplers  ss  containing 
slotted  blocks.  (The  " si ota"  are  the  seeond-hsrmonie  chokes.)  It  was 
felt  that  a  better  arrangement  would  be  to  have  the  chokoa  only  in  the 
first  3-db  coupler  (nearest  the  input),  and  to  have  only  plain  blocks 
without  chokes  (compare  Fig.  31)  in  the  second  3-db  coupler.  A11  of  the 
subsequent  measurements  were  made  with  this  modification  applied  to  the 
arrangement  shown  in  Fig.  36. 

't  low  power,  long  tapered  waveguide  sections  were  used  to  set  up 
the  TK,,  mode  *t  frequencies  ranging  from  2.2  (ic  (below  the  .iecond  har- 
atonic)  to  15.4  Gc  (above  the  eleventh  harmonic).  A  bank  of  motor-driven 
swept  signal  generators  was  used  to  generate  the  input,  and  the  output 
was  recorded  on  a  pen-recorder  synchronised  with  the  iwjti'r  driving  the 
signal-generator  tuning-knob.  Matched  loads  were  placed  at  the  output 
of  the  four  cutoff  waveguides.  The  reflection  coefficient  thus  obtained 
at  the  input  tu  the  long  taper  wan  measured  by  recording  (1)  the  incident 
power  and  (2)  the  reflected  power  with  the  arrangement  of  Fig.  36  fol¬ 
lowed  by  a  waffle-iron  rejection  filter  (which  act*  at  a  short  circuit 
from  2  Gc  up  to  at  least  14  Gc)  a*  shown  in  Fig.  37.  These  two  recorded 
curves  are  shown  in  Fig.  38.  The  reflection  coefficient  in  decibels,  at 
any  frequency,  is  the  distance  between  the  two  curves.  The  harmonic 
bands  of  1250-1350  Me  are  marked  in  Fig.  38.  It  is  seen  that  the  re¬ 
flected  power  at  the  input  is  at  least  10  db  below  the  input  power,  in 
all  the  harmonic  bands  from  the  second  to  the  eleventh,  which  corresponds 
to  a  VSWR  (at  the  input  to  the  taper  launching  the  TK,#  mode)  of  better 
than  2:1. 
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FIG.  37  VIEW  OF  COMPLETE  FILTER  FOR  SUPPRESSION  OF  SPURIOUS  FREQUENCIES, 
SHOWING  BRANCH-GUIDE  COUPLERS  (Middl.),  WAVEGUIDE  TAPERS  (Forayound 
and  Upptr  Ri9h»),  AND  WAFFLE-IRON  FILTER  (Upp*r  L»fO 
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INCIDENT  AND  REFLECTED  POWERS  IN  THE  TE,„  I400E  FROM  TKE  SECOND 
TO  THE  ELEVENTH  HARMONIC  WITH  THE  FILTER  OF  FIC.  37 


At  high  power,  the  coupler  conf iguration  of  Fig.  35  (again  with  no 
chokaa  in  the  second  coupler)  was  tested  up  to  5. 1  Megawatts  peak  power, 
aa  already  described.  Since  the  predicted  power  handling  capacity  is 
5.2  megawatts  for  the  couplor  without  chokes,  it  aiay  be  concluded  that 
the  addition  of  chokes  in  the  branches  does  not  appreciably  effect  its 
power-handling  capacity. 
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YIII  CONCLUSION 


A  design  method  for  branch-guide  couplers  has  been  developed  which 
gives  close  to  optimum  performance  over  a  given  pass-band.  Tha  method 
•as  tested  by  analysing  the  performance  of  several  numerical  designs, 
then  constructing  too  couplers  in  waveguide  and  comparing  the  actual  o.tth 
tha  computed  characteristics.  The  agreement  was  close.  The  design  pro- 
cedsra  is  facilitated  by  a  new  chnrt  constructed  for  this  purpose;  al¬ 
ternatively,  moat  practical  esses  can  be  worked  out  from  the  tables  in 
Appendix  1  by  interpolation. 

The  0-db  branch-guide  coupler  has  been  used  as  a  harmonic  pad  (that 
is,  a  harmonic  absorber  in  front  of  n  hnrmonic  rejection  filter).  Meas¬ 
urements  to  date  have  been  confined  to  the  l'B,,  mode,  for  which  the 
padding  achieved  should  be  adequate  for  most  practical  purposes.  A  VSKH 
of  better  than  2:1  has  been  obtained  at  all  harmonic  frequencies  up  to 
the  eleventh  harmonic.  The  absorption  of  spurious  frequencies  improves 
aa  the  frequency  increases. 

The  L-band  0-db  coupler  has  passed  over  5  megawatts  of  peak  power 
in  air  at  atmospheric  pressure  without  any  sign  of  arcing. 


62 


MttLTOCTAPiiY 


t,  H,  A.  |,ippa**a,  "Theory  of  Directional  Coupler*,"  MIT  Had.  Uk,  Report  *40,  M*a**tku**u* 
lnalilul*  of  Teeknoloyp,  Ceabridgn,  MeaeeckuaeU*  (Dee**i«r  2*,  1945). 

2.  J.  R**J  »»*  C.  Saeeler,  “A  Mttke*  of  Analytic  of  Spooolricol  Feur-Nrl  Net**rk*,"  ffUT  from, 
x>  Micrneevr  Theory  en*  Tethniyere,  Vol.  MTT-4,  pp.  246*252  (Ortekar  DM), 

3.  t.«o  Ynaag,  "Rraack  Guide  Directional  Cauplara,"  Fret,  Nat.  Ilertrenic*  Coo/'.,  Vol,  12, 

mi,  721*732,  1*S4.  (Tktr*  1*  o  alaprial  far  Ik*  S-branck  coupler  in  Tokl*  I,  Tk*  eapree* 

•  too  for  Y  ceateia*  •  tor*  HH,  ••kick  akeut*  k*»*  ko*o  HUT.) 

4.  J.  Read,  "TV*  Multiple  Rrenck  Wevtguidt  Coupler."  IK  Traai.  oo  Micro*#**  Tktorp  oM  Trek* 
niyoet,  Vol.  MIT.*,  pp.  39**401  (OcluUr  191*). 

4.  P.  1).  tower  oo*  J,  V,  Ooaploo,  "A  Ne«  Fora  of  Hpkri*  J«r.'l  ioo  for  Micro*#**  Fr#y***.ii#*,“ 

Pro*.  Iff  (London),  Pori  R.' Vol.  104,  pp.  261*264  (Mop  1  *$?). 

4,  J.  V.  Crooptoo,  "A  Cantriketioa  to  tko  Deatga  of  M«|ti*F,|oaoot  Direction*!  Coupler*," 

Pro*.  ItS  (IjwIoo),  Port  C,  Vol.  104,  pp.  398*442  (September  1957). 

7.  S.  H.  Cake,  "Direct-Coopled-Reaeneter  Flltoro,**  Pro*.  /A If,  Vol.  41.  pp.  U7*t9i  (Fokroorp  1957). 

I,  C.  1..  MoUkoti,  "Dceign  of  >id**R*ad  (oo*  Norroo-lhn*)  ltop**Pooo  Micro****  Filtoro  aa  tko 
Inaeriiro  la**  Mania,"  II If  Trmi.  oo  Jfirrooor*  Theory  oo*  Techeiyaee,  Vol.  MTT**,  pp.  SC* 

593  (No**aLor  1940). 

9.  l.«o  voung,  "TV*  (h»arter*Wa*e  Troooforaor  Prototype  Circuit,"  IK  Tiroot.  oo  Jf(rru**»r  Tkrorp 
oo*  Tcrkofijori,  Vol,  MT-t,  pp.  483-4*9  (September  I960), 

IQ.  M.  J,  Hiblet,  "Gcnerel  Synlkeai*  of  Quarter-V***  laped.ncc  Troooforaoro,"  /Af  Troar,  oo 
Mirrovavr  7 hrary  on*  Terhniyuca,  Vol.  MTT-*,  pp.  34*43  (January  1957), 

11.  l.oo  Young,  "Spnlkcoio  of  Multipit  Anlirtf lection  Filao  0«*r  o  Preacribed  Frequency  htol," 

Jour,  (yi.  So*.  An.,  Vol.  St,  pp.  967*974  (S*ploakor  1961). 

12.  l,«o  Young,  "Tabic*  for  (Vacaded  lloawgearoua  (Aiortrr-Ro**  Troooforaoro, "  IK  Tr on«.  oa  Micro* 
•oo*  Tkrorp  on*  Trchniyuri,  Vol.  MTT-T,  pp.  233*237  (April  1959)  on*  Vol.  MTT*8,  pp.  243*244 
(Morck  I960). 

13.  1..  Y'oun*  on*  G.  1_  Moltkoti,  “Micro****  Filter*  on*  Coupling  Slruclur**, "  Fourtk  Quart  trip 
Progrra*  Repvn,  5(11  P, ’eject  3S27,  Contract  DA  36*039  SC-87398,  Stanford  Itcaeorck  lantitutr, 
Menlo  Pork,  Californio  (February  1962). 

(4.  II.  V.  llod«,  A'rtoork  dn'jlyrir  on*  Ferdkeck  Amplifitr  fierign  (I).  Von  Noattaud  Go,,  No*  York, 

Nro  York,  Scptr*b«r  1945). 

15.  P.  H,  Sailk,  "Tronar, (noion  Lire  Calculator,"  Etrctrmici ,  Vol,  11,  pp,  29*31  (January  1939); 
and  "An  Improved  Tromaioaion  l,ino  Calculator,’'  Eltetronlcl,  Vol,  IT,  pp.  130*133  oa* 

318*325  (Jonuorp  1944). 

16.  P.  S.  Carter,  "Oiorto  for  Trnnaniaaicn-I.ine  Meoourratnla  and  Coaputationa, "AG4  Mreie*, 

Y'ol,  J,  pp.  355*368  (January  1939), 

17.  N.  Marcuvitt,  Favrguidr  iiendkook,  pp,  336*350,  MIT  (lad,  l.ab.  Serlea,  Vol.  10  (McGrao-Hill 
Hook  Co,,  Inc.,  Nr*  York  Ne»  York,  1951). 

18.  S,  H.  Cohn,  "Hounded  Corner*  in  Micro»**e  lligk-I’o»er  Fillera  rr.d  Other  Cospsncntx, "  Tra*i. 

WE  on  Jfierouare  Thtory  on*  Technique* ,  Vol,  MTT*f,  pp,  389*397  (September  1961). 

19.  1*0  Young,  "Peak  Internal  Field*  in  Dircct*CoupIed*C»»itp  Filter*,"  IKE  Front,  on  JficroMOr 
Theory  on*  Techniques,  Vol,  MTT-I,  pp,  612*616  (November  I960). 


63 


APPENDIX  I 


TABI.ES  OF  MUNCH- GUIDE  COUPLER  I  PITTANCES 

TV*  notation  for  Uc  immi ttanec*  H(  umi  K.  i*  aho*n  in  Fin.  2.  For 
•  coupler  with  aerie*  T-junction*,  N(  and  A  ■  are  both  charactoriatic 
impedance*  (*.*.  for  £-pl*nc  junction*  in  waveguide);  for  a  coupler  witM 
ahunt  T-junction*,  H{  and  Kt  ore  both  character iatic  admittance*  (c.g. 
for  coaxial  or  atrip  tranamiaainn  line*). 


TAI1U  l-l 

MUNCM-nuinr.  oourixn  immittahcrs 
FOR  a  *  I  SECTION  (two  MUNCMK5) 


* «  1 

a 

»• 

1.85 

1.006 

0,1119 

1.50 

1.021 

0.2040 

2.00 

1.061 

0.3535 

2.50 

1.100 

0.4732 

3.00 

1.155 

0.5775 

4.00 

1,250 

0,7500 

5.00 

1.341 

0.194 

6.00 

1.429 

1.C21 

9.00 

1.592 

1,230 

10.00 

1.739 

1,423 
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tabu;  i.a 

IttUTTANOS  or  NAXIIMU.Y  FIAT  BMNOt.CUIDC  COUM.KBS  FOB  »  •  I  TO  «  SCCTIOBS 

(TNKr.r.  TO  NINF.  MBANCtFS) 


TAW.K  tO 

imuttanccs  or  wtv<ai-«;int:  animus  rnn  «  «  a.  t  ,vsn  t  sraiws 

(THHKK.  rout.  ,VSU  KIVK  WtWItrst  *nrv  *  »  o.  io 

♦ 


TAW.K  1-4 

imnittancks  of*  muxot-wiDf;  «xipt.rjw  >t*  *  -  2,  3  and  4  sections 
mm,  foils,  ano  five  twAMcms)  «t»  0.40 
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TAU'r  !•« 

UMiTTAitCKS  Of  )NUNCH‘CUII)«v  CWIM.KM  K*  <*  "  3,  J  AJffi  4  SCCT10M 
(HUNtt,  HX«,  A.HD  FIVE  MUNOt&O  *1KK  »t»0.<6 


TAHIE  J.f 

wiTTANas  or  wusai-cuior.  coum:*s  ron  n  •  s.  5  am  *  suctions 
(Txtrct,  row,  am  rivn  watches)  ■hex  *f-o.«o 


TAUU:  |.7 

iKMimscr.:;  or  wivai.cviw:  cowtxus  m\  n  « \  ami  *  sections 

•  TWEE.  FOl'H.  AM)  FIVE  WUNOIKS)  «|IKN  w  «  I  0(1 
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APvmnx  n 


COUPLING  FORMULAS  FOR  CASCADED  MATCHED  DIRECTIONAL  COUPLERS 


Wh«n  two  or  mora  direction*!  coupler*  ure  caacadad,  ••  shown  in 
Fig.  11-1,  the  combination  i*  atill  a  directional  coupler.  When  the 
coupler*  are  matched,  the  coupling*  P,  a  and  P1>v4-  of  the  combination 
can  resdily  be  worked  out.  Let  Pj .  .  and  Pt>  f  be  the  coupling*  of  the 
ith  coupler.  All  the  quantities  Pj  P|,<*  Pj  j  ure  auproatd 

ro  be  measured  in  decibel*  and  are  taken  a*  positive  number*.  The  cou¬ 
plings  are  determined  by  the  difference  in  phase  shift  between  the  even 
and  the  odd  modes  (Fig.  11-°),  which  is  2 0i  for  the  ith  coupler,  and  is 
given  by 


anti  log  | 

,  *') 

anti log  j 

'  Pl.t\ 

,tt) 

and  P. 

*  t 

...  uf 

-  sin  0, 


•  cos  0. 


C 1 1- 1 ) 


given  by 


■“•‘("iH  ‘  *‘*[1,  e<_ 

“"‘fir1)  ■  -[i,*. 

* 


(11-2) 


For  instance  two  3-db  couplers,  or  three  6-ilb  couplers,  yield  one  0-db 
coupler  To  obtain  3-dh  coupling  with  two  equal  couplers,  each  must  have 
a  coupling  l’}  of  abo«-»  8,36  db. 
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f.M  ton*  mmt 


—  ■ 


XXX 

,x. 

VMkl  Ml  9*  **VT  .... 

lIcOUVC*  t|coun.(K  >1  •  •  >  . 

«V  1  I  I 

*1 

j  <A,..V  1 

FIG.  IM  SEVERAL  MATCHED  DIRECTIONAL 
COUPLERS  IN  CASCADE 
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APPENDIX  III 


CALCULATION  OF  CHOICES  IN  BRANCHES 


Consider  s.  length  of  tranaa:iaeioa  linn  of  characteristic  importance 
R|,  with  a  aeriea  T-junction  in  tke  mid-plane  (Fig.  111*1).  The  atub  line 
of  characteriatie  impedance  1  f  ia  aborted  at  the  other  end.  (The  line 
«l  will  he  the  branch  guide,  and  the  .atub  Zf  will  bo  the  choke.)  The 
electrical  length  0f  of  the  atub  will  be  choeen  to  be  90  degreea  long  at 
2d00  Me  (the  aecond  harmonic  of  the  center  frequency).  Ita  impedance 
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FIG.  111*1  TRANSMISSION-LINE  STUB  IN  THE  MID-PLANE 
OF  A  LINE  ONE-QUARTER  WAVELENGTH  LONG 


ia  determined  from  the  bandwidth  over  which  the  reflection  ahall  exceed 
some  ainimim  specified  value.  In  thia  case  it  wea  decided  that  a  minimum 
attenuation  of  4  db  over  a  20  percent  fractional  bandwidth  (in  reciprocal 
guide  wavelength)  would  be  aufficienl.  The  atub  electrical  length  0t 
then  changes  by  19  degreea  from  90  degreea,  ir.J  Zj/Z,  turna  out  to  be 
equal  to  0.4  to  give  4  db  attenuation  at  the  20  percent  band  edgea.  Such 
a  atub  presents  a  series  reactance  X  at  1300  Me  whose  normalised  value 
is  equal  to 
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X 


X.  at  2600  Me 
Xf  at  1300  Me 


(111*1) 


Th«  problem  now  in  to  find  the  value  of  Z,/Z,,  such  that  for  the  given 
electrical  length  0,  of  tht  lint  Z,  (Fig. 1II-1),  the  input  ia  Matched, 
whan  the  output  ia  Matched,  at  1300  Me..  It  ia  poaaible  to  aoiva  this 
problem  for  any  value  of  0,.  In  thia  caae  0,  waa  nominally  cquet  to 
90  degreea  at  1300  Me,  but  it  waa  not  elcar  how  much  to  allow  for  the 
T-junction  refcieace  plana*,  which  in  any  caae  would  nova  aa  Z(  ia 
changed.  For  thia  raaaon  0,  waa  aimply  taken  aa  90  dagraea  at  1300  Mo. 

11, e  Matching  procedure  at  canter  frequency  (1300  Me)  cat,  be  aa«.n 
on  a  Smith  chart  (Fig.  Ill*?.)  The  latter*  correspond  to  the  aiMilariy 
marked  croaa-aectioaa  in  Fig.  Ml  1  The  point*  «  end  if  ere  on  the  iiori- 
aontal  diameter  (broken  line)  bccauae  0,  haa  been  taken  aa  90  degree*  at 
center  frequency.  One  movea  from  point  c  to  point  d  by  adding  a  re¬ 
actance  X  given  by  F.q.  (tll-H  The  end-point  /,  like  the  atartiag-point 
a,  ia  in  the  center  of  the  Smith  chart,  aignifying  a  match  (VSWH  *  I.1’). 
It  reraina  to  ralate  Zj/Z,,  the  impedance  at  6  or  t  in  Fig.  ill-2  to  X  . 

The  impedance*  at  c  and  d  in  Fig. III. 2  arc  complex  conjugate*  and 
are  given  by 


where 


•  r 


4 


K  */*. 


n 


t 


/pnry 


(111-2) 


(in*)) 


since  on  the  horiiontal  diameter  (broken  line) 

R\  ♦  •  l  . 


(II I -4) 


The  addition  of  a  reactance  AT  causes  Zf  to  become  7. d  (symmetrically 
placed  in  Fig.  Ill  2),  ind  therefore 


X  t  -  ~Xj  -  -A72 


fill  ») 
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FIG.  111*2  SMITH  CHART  PROCEDURE  TO  FIND  Z,  OF  FIG.  C*1 
TO  MATCH  THE  STUB  Z7 


Moreover,  the  reflection  coefficient  amplitude  it  e  or  d  in  Fig.  1 1 1  -  2 
can  lie  nliown  to  be  given  by 


I  r  n 


1 


i  +  /»' 


(1 1 1-6) 


ami  |i  f |  in  the  name  reflection  coefficient  as  at  6,  where  the  normalited 
impedance  Z|/Z(  in  alao  equal  to  the  VSWIt.  Therefore 


£o  i  <  H’J 

*.  '  «  "  lpJ 


(III -7) 
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Ccsbining  Kq*.  Ulf-4)  through  (111-7). 


where 


h.  .  U  +  *)K  ~  (I  ~  A)X\ 

Z*  ll  ■»  4)^  +  (1  -  A)*  J 

(111-0) 

A*  -  1  -  ( A"/ 2 )  * 


and  X  is  given  t*y  Eq.  (Ill-l),  with  2f/7. ,  equal  to  0.4  in  thie  eaaw.  The 
branch  waveguide  heights  in  Fig.  30  have  accordingly  to  be  reduced  in 
the  ratio  of  the  appropriate  Z,/Z#  given  by  Kq.  (UI-8).  With  a  guide 
wavelength  of  4.84  inches  at  2600  Me,  and  of  12.68  inches  at  1300  Me, 

Eq.  (I1I-1) yields  X  -  0.274.  Then  from  Kq.  (111-8).  {*,/*,)  *  0.872. 

To  minimise  junction  effects,  symmetrical  chokes  were  used  in  all 
but  the  narrowest  branches  (see  photograph  Fig.  34).  The  final  dimes- 
aions  are  shown  in  Fig.  33,  The  stub  lnngtha  in  some  branches  are  not 
the  same  on  both  sides,  where  they  arc  1.200  inches  on  one  side  and 
1.090  inches  on  the  other:  this  was  done  for  mechanical  reasons,  to 
leave  more  material  around  the  center  of  the  mailer  block  *C’  (Fig.  33), 
which  held  the  bolt  fastening  the.  block  down.  This  slight  unbalance  in 
choke  lengths  should  have  the  effect  of  stagger- tuning,  and  should  not 
affect  electrical  performance  appreciably. 

The.  insertion 
chokes  has  already 


loss  characteristic  of  the  complete  coupler  with  the 
been  given  in  Fig.  35. 
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